
ABSTRACT 

GOVAN, JEANE MARIE. Regulation of Gene Expression Through Photocaged 
Oligonucleotides. (Under the direction of Dr. Alexander Deiters). 
 

In mammalian cells and in multi-cellular organisms, biological processes are naturally 

regulated with high spatial and temporal resolution. Therefore, in order to understand, study, 

and re-engineer these processes, it is imperative to control them with the same level of 

spatio-temporal resolution found in nature. In this context, light represents a unique tool, 

since irradiation can be easily and precisely controlled in timing, location, and amplitude, 

thus enabling the precise activation and/or inactivation of biological activity, in particular 

gene function. Towards this goal, I developed several methodologies to regulate gene 

expression with photocaged oligonucleotides. With UV light as an external trigger, caged 

oligonucleotides were used to regulate transcription through photocaged DNA decoys, 

triplex-forming oligonucleotides, and a caged promoter. Additionally, translation was 

photochemically regulated in mammalian cells through PhotoPEGylated antisense agents, 

and caged siRNAs and morpholinos. Antisense agents were delivered to mammalian cells 

through the conjugation of a cell penetrating peptide, HIV TAT, and activated by UV 

irradiation. Moreover, photocaged oligomers were applied to the regulation of DNA 

hybridization and the innate immune response. Through the engineering of these gene 

regulation tools, several biological processes were controlled with light.  
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CHAPTER 1: INTRODUCTION 

Biological processes, particularly gene function, are naturally regulated with high spatial and 

temporal resolution in cells and multi-cellular organisms. In order to study gene function in 

cells and model organisms, several methodologies have been developed, including antisense 

agents, RNA interference (RNAi), triplex forming oligonucleotides (TFOs), DNA decoys, 

small molecule activators/repressors, and gene knockout models. These tools are useful in 

studying the role of a gene in a cellular pathway. However, several genes are essential in 

development and by using these gene regulatory techniques to inhibit gene function would 

lead to lethality in cells and model organisms.1 For example transcription factors are 

regulatory proteins that initiate transcription of a gene, and are essential for survival.2 

Consequently, transcription factors are common throughout all cell types; therefore knocking 

out an essential transcription factor can be detrimental to the model organism.3 As a result, 

another method to study gene function needs to be developed that provides the same level of 

spatial-temporal control found in nature and can be used without causing lethality. 

In order to elucidate these and other cellular processes, precise exogenous control is 

needed over the system. In this context, light is an ideal external trigger since irradiation is 

orthogonal to all other intracellular stimuli.4 Additionally, light irradiation can be controlled 

in timing, location and amplitude, creating high spatial and temporal control of gene 

function.5 One approach to photochemically regulate gene function with light is through the 

covalent attachment of a light-responsive organic protecting group (a so called “caging 

group”) to the biomolecule, inhibiting its native activity. After irradiation with UV light of a 

long, non-damaging wavelength, the caging group is removed and the biological activity is 
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restored (Figure 1.1A).4-11  First applied to ATP in 1978, Joseph Hoffman coined the term 

“caging group” to describe a functionally inactive molecule that is photosensitive.12 

However, unlike the figure depicted below, the caging group is a small molecule that is 

covalent attached to a heteroatom of the molecule and does not surround the actual molecule. 

Several caging groups have been developed that incorporate an ortho-nitrobenzyl moiety 

(Figure 1.1B).13-15 These caging groups show high light sensitivity, ease of synthesis, and 

compatibility with a wide range of functional groups, such as phosphates, carboxylates, 

hydroxyls, and amines.16 

 

 

Figure 1.1.  Light irradiation of a caged molecule. (A) Schematic of a decaging reaction. 
(B) Activation of a caged substrate though removal of the o-nitrobenzyl derived caging 
group with UV light. R: H, −CH3, CO2H; X: O, N, or S of the substrate. 

 

To effectively study biological processes using caging technology, the caging group 

must meet the following requirements: (1) the caging group should completely inhibit the 

biomolecule’s function and be stable from hydrolysis; (2) decaging of the biomolecule 
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should occur at a wavelength that does not damage cells; (3) decaging of the biomolecule 

should be rapid and in high yield and (4) the bi-products of the caging group should not be 

toxic to cells or interfere with other biological functions.16  

Several organic caging groups have been employed for the regulation of biological 

processes. Due to the straightforward synthesis and compatibility with a large number of 

functional groups, the most common caging groups are derivatives of the ortho-nitrobenzyl 

caging group (Figure 1.1B).4, 16 These caging groups undergo photolysis through a Norrish 

type II reaction (Scheme 1.1), in which, upon excitation, a benzylic hydrogen is abstracted 

forming an acinitro intermediate. The acinitro intermediate is cleaved resulting in an alcohol 

and a nitrosobenzaldehyde. 

 

 
Scheme 1.1.  Decaging mechanism of the ortho-nitrobenzyl caging group. 

 

Nitrobenzyl derivative caging groups have been installed on small molecules,12, 17 

nucleic acids,18-20 and proteins21, 22 to photo-regulate biological processes. Recently, a study 

conducted by Rodrigues-Correia et al. directly compared the duplex stability of DNA with a 

single base-pair mismatch and the duplex stability of DNA that contains one of the three 
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most common photocaged nucleotides.23 First, a 15 oligomer DNA sequence was cross-

hybridized with a complementary DNA sequence, and to mimic a single mismatch within the 

oligonucleotide, the central base-pair in both strands varied. A melt temperature analysis was 

performed in an absorbance-based assay. Concentrating on the thymidine base-pairs, a 11 °C 

change in Tm was observed with a T:C mismatch, compared to the T:A base-pair (Figure 

1.2B). Next, they compared the duplex stability of three different caging groups on two 

different nucleobases (structures shown in Figure 1.2A). In a similar absorbance-based assay, 

the Tm was determined and was directly compared to the corresponding non-caged sequence. 

The incorporation of an o-nitrophenylpropyl caged thymidine (dTNPP) with the 

complementary adenine base-pair led to the greastest change in Tm of 15.9 °C (Figure 1.2C). 

Similarly, the nitropiperonyloxymethyl caged thymidine (dTNPOM) DNA strand had a Tm of 

15.1 °C. Interestly, the incorporation of caged adenine nucleobases (dANPP and o-

nitrophenylether caged adenine (dANPE)) led to a lower change in Tm, 10.5 °C and 6.3 °C, 

respectively.  Additionally, the incorporation of a caged thymidine hybridized with a caged 

adenine also did not lead to a greater change in Tm than with the installment of the caged 

thymine alone (Figure 1.2C). This was the first study that directly compared the DNA 

hybridization of the most common caging groups. The Tm determined from this study was 

similar to the Tm that was observed in our lab with a 4 °C difference, albeit this difference 

could be from the different buffers and the methodologies used.20 The single base-pair 

mismatch study can be used to design DNA sequences that would closely mimic the effect of 

a caged nucleotide without synthesizing the caged DNA strand until the experiment 

conditions are optimized.    
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Figure 1.2.  Comparison of DNA hybridization with a single mismatch nucleotide and 
duplex stability of a caged DNA oligonucleotide. (A) Structures of photocaged nucleotides. 
dTNPOM = nitropiperonyloxymethyl caged thymidine, dTNPP = o-nitrophenylpropyl caged 
thymidine, dANPE = o-nitrophenylethyl caged adenine, dANPP = o-nitrophenylpropyl caged 
adenine. (B) DNA oligomers were cross hybridized with the corresponding DNA sequences 
and melting temperatures (Tm) were determined through an absorbance-based assay. (C) 
Caged DNA sequences were cross hybridized and the melting temperature was calculated via 
an absorbance-based assay. The change in Tm of the caged DNA oligomer was calculated 
through comparison with the non-caged DNA sequence. Adapted from Rodrigues-Correia et 
al.23 

 

 In addition to the 2-nitrobenzyl caging groups, coumarin caging groups have been 

increasingly popular due to the longer decaging wavelength of up to 405 nm that is more 
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applicable to biological systems.4, 6 Several coumarin caging groups have been synthesized 

and a selection is shown below in Figure 1.3. 

 

  

Figure 1.3.  Common coumarin caging group derivatives. 24-29 X = molecules (connected 
through alcohols, amines or carboxylic acids) that are cleaved upon irradiation with light.  

 

One of the most important aspects when choosing a proper caging group is the 

wavelength and rate of photolysis.30 The coumarin caging group improves on both of these 

features with a longer decaging wavelength that eliminates some possible phototoxicity 

caused by a shorter wavelength, while also displaying a faster rate of photolysis.27 The 

wavelength of the coumarin caging groups have a red-shifted adsorption maximum at ~390 

nm compared to the previously mentioned ortho-nitrobenzyl caging groups which have an 

absorption maximum at ~300 nm.31, 32 One of the first applications of a coumarin-derived 

caging groups was the incorporation of a (7-diethylaminocoumarin-4-yl)methyl (DEACM) in 

guanosine 3′,5′-cyclic monophosphate (cGMP).33 In a direct comparision, the DEACM-

caged cGMP derivatives are vastly superior to the nitrobenzyl-caged cGMP with 98% 

cleavage efficiency in 1 min of irradiation at 405 nm compared to 38% efficiency in 10 min 

at 333 nm for a 1-(2-nitrophenyl)ethyl (NPE) caged cGMP.33 
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Coumarin-derived caging groups have also been incorporated into nucleotides for 

photoactivation of cellular processes.27, 31 Although, the synthesis of coumarin derivatives of 

nucleotides are abundant in the literature,15, 26, 27, 31, 34, 35 their applicability to biological 

processes, outside of the previous reported light-regulated cellular processes with the 

nitrobenzyl caging group, is still emerging. Nevertheless, the development of DEACM-caged 

nucleotides affords the engineering of wavelength specific and sequential activation of 

biological activity through the use of both nitrobenzyl and coumarin caging groups. 35, 36 
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CHAPTER 2: PHOTOCHEMICAL REGULATION OF TRANSCRIPTION 

2.1. Phtochemical Control of DNA Decoy Function Enables Precise Regulation of NF-κB 
Activity 

2.1.1. Introduction  

Deoxyribonucleic acid decoys have been extensively used to regulate transcription in 

eukaryotic systems.37-38 Bielinska et al. were the among the first to show that double-

stranded (ds) phosphorothioate DNA can act as a decoy for sequestering transcription factors 

through binding to dsDNA.39 A DNA decoy encodes a short consensus binding sequence for 

a transcription factor and is designed to out-compete the natural, genomic DNA target. Thus, 

if sufficient quantities of the DNA decoy are present within a cell, the transcription factor 

will bind preferentially to the decoy and not to its natural binding site, leading to an 

inhibition of transcription.40-41 Various decoys have been designed for individual 

transcription factors in order to inhibit gene function with high specificity, including the 

Stat6 decoy for inhibition of TH2-lymphocyte activity,42 the androgen-responsive element 

decoy for the regulation of androgen-activated androgen receptors in prostate cancer cells,43 

the STAT3 decoy for the induction of apoptosis in A549 cancer cells,44 the est-1 decoy for 

the inhibition of cell growth of gastric cancer cells,45 and the E2F decoy for the regulation of 

mesangial cell proliferation.46 

One of the first developed DNA decoys was the Nuclear Factor (NF)-κB decoy 

(Scheme 2.1).47 NF-κB is an important transcription factor that activates and regulates 

numerous genes.38,48-49 NF-κB is misregulated in a variety diseases, including diseases 
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associated with inflammatory and oxidative stress response, cardiovascular disease, and 

cancer. Thus, inhibiting NF-κB has substantial therapeutic potential.49-50 Recent studies have 

shown that NF-κB DNA decoys inhibit myocardial infarction,41 induce apoptosis in UV 

damaged skin cells,51 reduce the progression of joint destruction in rheumatoid arthritis,52 and 

control pulmonary allergy.53  

 

 
Scheme 2.1. NF-κB regulated transcription in the presence of DNA decoys. (A) Upon 
stimulation, NF-κB translocates into the nucleus and binds to its DNA binding site, 
activating transcription. (B) In the presence of DNA decoys, NF-κB binds to the DNA decoy 
over its genomic binding site, leading to an inhibition of transcription.  

 

One method to control NF-κB-mediated gene expression is through modified 

oligonucleotides. Hairpin and dumbbell decoys have been developed to improve the stability 

and lower the toxicity of phosphorothioate decoys.54-55 Although these modifications have 
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improved certain aspects of oligonucleotide therapy, a methodology to regulate NF-κB 

function with spatial and temporal resolution has not been reported. 

As previously discussed, “caging” technologies have provided an approach to 

photochemically regulate gene expression in both a spatial and a temporal manner,8-4 and  

has been successfully applied to the photochemical regulation of gene translation.56,57-58 

Here, we are presenting the first examples of photochemical control of gene transcription 

through the application of caged oligonucleotides. We hypothesized that caged, light-

activated hairpin and dumbbell DNA decoys will allow for the photochemical regulation of 

NF-κB activation of gene expression (Scheme 2.2). The caged oligonucleotides will not be 

able to form the double-stranded DNA required for transcription factor binding due to the 

blocking of Watson-Crick base pairing at nucleobase-caged thymidines. Removal of the 

caging groups through a brief UV irradiation restores duplex formation and thus activates 

decoy function leading to sequestering of the transcription factor.  
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Scheme 2.2.  Photochemical control over NF-κB activation of gene expression. The caging 
groups disrupt Watson-Crick base-pairing of DNA and thus hairpin formation, rendering the 
decoy inactive. Therefore, NF-κB binds to its native genomic binding site and initiates 
transcription. After a brief irradiation with UV light, the caging groups are removed, the 
hairpin decoy forms, and out-competes the natural NF-κB binding site, leading to the 
inhibition of gene expression. Adapted from Govan et al.59 

 

2.1.2. Hybridization Studies of DNA Hairpin and Dumbbell Formation 

Non-caged and caged deoxynucleotides containing NPOM (6-nitropiperonyloxymethyl)-

caged thymidine groups were synthesized by the Lively Lab (Wake Forest University) under 

standard DNA synthesis conditions to provide NF-κB DNA decoys that can be regulated 

photochemically.60-61 In order to confirm that DNA decoy formation can be disrupted 
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through the installation of NPOM caging groups on the bases of selected nucleotides, the 

melting temperature of the DNA decoy hairpins and dumbbells were determined (Table 2.1).  

 

Table 2.1.  Sequences and melting temperatures of synthesized NF-κB DNA decoys. * 
Indicates a phosphorothioate bond; a bold T denotes a caged thymidine nucleotide; NA 
indicates that no melting temperature could be measured and thus no formation of dsDNA 
was observed. Caged DNA oligomers were synthesized by the Lively Lab (Wake Forest 
University). Adapted from Govan et al.59 

 

 

As expected, the hairpin decoy D2 had a significantly higher Tm than the simple 

double-stranded DNA decoys D0 & D1. With the introduction of 3 caging groups into the 
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hairpin decoy D3, the melting temperature decreased approximately 30 °C. After addition of 

a fourth caging group (in D4), no Tm and thus no hairpin formation could be detected (Figure 

2.1). However, upon UV irradiation (365 nm, 10 min, 25 W), the caging groups are removed 

and hairpin formation occurs as demonstrated by observing melting temperatures comparable 

to the non-caged DNA hairpin decoy D2. The dumbbell decoy D5 consists of two hairpin 

structures at the 5′ and 3′ termini of the DNA in order to protect the decoy from exonuclease 

degradation. The introduction of 3 and 4 caging groups at selected thymidine residues fully 

abolished the formation of the dumbbell structure, as indicated by the absence of a sigmoidal 

melting curve for D6 & D7. Decaging through UV irradiation regenerated the dumbbell 

DNA D2 (as shown by a melting temperature of 74 °C) and thus led to the light-induced 

formation of a DNA decoy. Dumbbell precursors containing less than 3 caging groups were 

not investigated because previous studies have shown that complete disruption of DNA 

hybridization requires a caging group every 4-6 bases throughout a DNA sequence,20, 56, 61 

and because the presence of only 3 caging groups on the decoy D3 (which non-caged version 

D2 has a similar Tm as the non-caged dumbbell D5) was not sufficient to fully inhibit DNA 

hairpin formation. 
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Figure 2.1.  Melt curves of NF-κB DNA decoys. DNA decoys (1 µM) were incubated in 
150 mM NaCl, 50 mM NaH2PO4, pH 7.4 buffer. The samples were protected from light or 
irradiated at 365 nm with an UV transilluminator for 10 min. 
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2.1.3 Binding of Caged DNA Decoys to NF-κB 

The melting temperature measurements confirmed that we could photochemically control 

DNA hybridization of the hairpin and dumbbell decoys through the site-specific introduction 

of caging groups.57, 62 Next, we wanted to test if the caged and non-caged DNA decoys 

would bind to NF-κB. Nuclear extracts were isolated from NF-κB/SEAP HEK 293 cells that 

were induced with TNFα and a gel shift assay was performed. Similar gel shift assays have 

previously been performed to determine the specificity of DNA decoys for the NF-κB 

protein complex.63 The nuclear extracts were incubated with excess radiolabeled DNA 

decoys and analyzed by gel electrophoresis (Figure 2.2). With the addition of nuclear 

extracts, the negative control scrambled phosphorothioate decoy D0 showed no binding 

affinity to NF-κB, as expected (lanes 1-2). The phosphorothioate decoy D1 binds to NF-κB 

as shown by the band shift induced in the presence of nuclear extracts (lane 3-4), confirming 

its ability to sequester the transcription factor. The two bands shown in the band shift 

correspond to the NF-κB heterodimer.51,64 The hairpin decoy D2 and the dumbbell decoy D5 

also bind to NF-κB protein as indicated by the band shift (lanes 5-6 and 7-8). The varying 

intensities of the bands from the different decoys demonstrate different binding affinities of 

the decoy for the NF-κB complex. For example, D5 (lane 8) has a higher band intensity than 

D1 and D2 (lanes 4 and 6), leading to the conclusion that D5 presumably has a higher 

binding affinity to the NF-κB complex than the phosphorothioate decoy D1 and the hairpin 

decoy D2. 
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Figure 2.2.  In vitro binding of NF-κB DNA decoys to the NF-κB protein complex. Nuclear 
extracts were isolated from NF-κB/SEAP HEK 293 cells and incubated with radiolabeled 
NF-κB DNA decoys at room temperature for 20 min. Samples were analyzed on a 16% 
native PAGE gel and imaged with a Typhoon 7000 phosphorimager. Adapted from Govan et 
al.59 

 

The same gel shift assay was then used to investigate the light-activation of the caged 

DNA decoys in vitro. First an irradiation time course with D4 was performed to optimize the 

decaging conditions (Figure 2.3). Radiolabeled caged DNA decoy, D4, was kept in the dark 

or irradiated at 365 nm for up to 10 min, and then incubated with nuclear extracts isolated 

from TNFα induced NF-κB/SEAP HEK 293 cells. The samples were resolved on a 16 % 

native PAGE gel. In the absence of UV irradiation, the caged DNA decoy does not bind and 

form a DNA:NF-κB complex. However, after 1 min of UV light, the caging groups are 

cleaved resulting in the formation of a DNA decoy hairpin and thus, is capable of binding to 

the NF-κB protein, as indicated by the gel shift. Moreover, 1 min of UV irradiation was 
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sufficient to completely activate the caged DNA decoy; therefore an additional irradiation 

period was not needed.  

 

 
Figure 2.3 . Irradiation time course of caged hairpin D4. Nuclear extracts were isolated 
from NF-κB/SEAP HEK 293 cells and caged decoys were irradiated for 1, 2, 5, and 10 min 
(365 nm, 25 W) and incubated with nuclear extracts at room temperature for 20 min. 
Samples were analyzed on a 16 % Native PAGE gel and imaged with a Typhoon 7000 
phosphorimager. 

 

After the irradiation conditions were optimized, the same gel shift assay was 

performed on the caged hairpin and dumbbell decoys. The caged decoys were either 

activated through irradiation for 1 min (365 nm, 25 W) or kept in the dark and incubated with 

nuclear extracts from TNFα induced NF-κB/SEAP HEK 293 cells. As previously seen in 

Figure 2.2, the D2 decoy showed a band shift in the presence of nuclear extract (Figure 2.4, 

lanes 1-2). However, despite the observed melting point and thus partial decoy formation for 

the caged oligonucleotide D3, the presence of the 3 caging groups on the hairpin sufficiently 
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perturbed protein binding to an extent that the presence of NF-κB did not induce a gel shift 

(Figure 2.4, lane 4); gratifyingly, upon irradiation, the caging groups were removed and the 

NF-κB protein bound to the DNA (Figure 2.4, lane 5). The presence of 4 caging groups 

completely inhibited DNA hairpin formation (Table 2.1), and as expected the NF-κB protein 

did not bind to D4  (Figure 2.4, lane 7) until the caging groups were removed through UV 

irradiation (Figure 2.4, lane 8). 

Similar to the hairpin decoys, DNA duplex formation was completely inhibited in the 

presence of 3-4 caging groups in case of the dumbbell decoys D6 and D7, and thus no NF-κB 

binding affinity and gel shifts were observed (Figure 2.4, lanes 11-12 and 14-15). The 

formation of the dumbbell decoys through UV decaging led to NF-κB complex formation 

and the expected gel shifts (Figure 2.4, lanes 13 and 16) matching the gel shift of the non-

caged positive control decoy D5 (Figure 2.4, lanes 9-10). In summary, these experiments 

demonstrate that the introduction of 3-4 caged thymidine residues enable the photochemical 

regulation of DNA hairpin and dumbbell decoy formation and thus the light-regulation of 

NF-κB binding. 
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Figure 2.4.  Light-activation of NF-κB DNA decoy binding. Nuclear extracts were isolated 
from TNFα activated NF-κB/SEAP HEK 293 cells and caged decoys were irradiated for 1 
min (365 nm, 25 W) and incubated with nuclear extracts at room temperature for 20 min. 
Samples were analyzed on a 16 % native PAGE gel and imaged with a Typhoon 7000 
phosphorimager. Adapted from Govan et al.59 

 

2.1.4 Activation of Caged NF-κB DNA Decoys in Mammalian Cells 

In order to investigate the photochemical control of DNA decoy activity in mammalian tissue 

culture, a NF-κB/SEAP HEK 293 stable cell line (Imgenex),65 that contains a NF-κB 

activated secreted alkaline phosphatase (SEAP) reporter gene was used. We had previously 

tried to co-transfect the pNiFty-SEAP plasmid (Invitrogen) into HEK 293T cells together 

with the DNA decoys, since NF-κB also drives the transcription of SEAP in the plasmid but 

inconsistent results were observed. Thus, the NF-κB DNA decoys were transfected into the 

NF-κB/SEAP HEK 293 stable cell line to investigate photoregulation of NF-κB-induced 

transcription. First, NF-κB decoy concentration and irradiation conditions were optimized 
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(Figure 2.5). The scrambled, hairpin, and dumbbell DNA decoys were first titrated into the 

media to determine the optimal concentration of decoy that is needed to sufficiently inhibit 

SEAP expression. After transfection of the DNA decoys, NF-κB phosphorylation and 

activation was induced through addition of TNFα to the media.66 After a 24 hr incubation, a 

SEAP assay was conducted and SEAP expression was normalized to the cell viability 

through a Bright Glo viability assay (Promega). As shown in Figure 2.5, no inhibition of 

SEAP activity was observed with the scrambled control, while significant inhibition was 

observed for both the hairpin D2 and the dumbbell D5 decoys (150 and 300 ng of DNA). 

Since the same level of inhibition was achieved using 150 ng of DNA decoy, this 

concentration was used for sequential assays.  
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Figure 2.5.  Optimization of hairpin and dumbbell DNA decoy concentration for 
transfection into NF-κB/SEAP HEK 293 cells. Cells were transfected with increasing 
concentration of the control D0, hairpin D2, and dumbbell D5 decoys using X-tremeGENE. 
TNFα was added after 4 hours, and a SEAP assay was conducted after 24 hours using a 
Phospha Light Systems kit. Cell viability was assayed using a Cell Titer Glo assay, and the 
SEAP signal was normalized to the Cell Titer Glo signal.  All experiments were performed in 
triplicate and error bars represent standard deviations. 

 

In addition, the scrambled and dumbbell NF-κB DNA decoys were tested to ensure 

that the inhibition of SEAP expression observed is from TNFα induced transcription of NF-

κB activated SEAP expression, rather than simply inhibiting the basal levels of transcription. 

NF-κB/SEAP HEK293 cells were transfected with the scrambled D0 or dumbbell D5 decoy 

and selected cells were induced with TNFα. A SEAP assay was conducted after 24 h and 

SEAP expression was normalized to cell viability. As shown below in Figure 2.6, low levels 

of SEAP are observed in the absence of TNFα. Moreover, no inhibition of SEAP expression 

was measured until TNFα is added, and thus, inhibition of SEAP expression by the DNA 

decoys are from the NF-κB induced SEAP expression.  
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Figure 2.6. TNFα induction of SEAP expression with DNA decoys. NF-κB/SEAP 
HEK293 cells were transfected with scrambled and dumbbell DNA decoys using X-
tremeGENE. TNFα was not added or was added after 4 hours, and a SEAP assay was 
conducted after 24 h using a Phospha Light Systems kit. Cell viability was assayed using a 
Cell Titer Glo assay, and the SEAP signal was normalized to the Cell Titer Glo signal. All 
experiments were performed in triplicate and error bars represent standard deviations. 

 

In a similar experimental design, the irradiation time was optimized for decaging of 

the DNA decoys in mammalian cells. NF-κB/SEAP HEK 293 cells were transfected with 

non-caged and caged DNA decoys. After transfection, the cells were irradiated with UV light 

for a maximum of 6 min and NF-κB activated SEAP expression was induced with TNFα. 

After 24 hr incubation, a SEAP assay was conducted and SEAP expression was normalized 

to the cell viability. As in the previous assay, no inhibition of SEAP expression was observed 

in cells treated with the scrambled control D0 regardless of UV irradiation (Figure 2.7). 

Additionally, the hairpin D2 and the dumbbell decoy D5 significantly inhibited NF-κB 

induced gene expression. Importantly, transfection of the caged hairpin decoys D3 and D4 

showed only marginal activity in the absence of UV light. After a 2 min exposure to UV 

light, the decoys were as active as the non-caged control D2. In the presence of the caged 
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dumbbell D7, no inhibition of SEAP activity was observed until a 2 min UV irradiation, 

which led to complete decoy activation. Additional irradiation times were not needed as the 

maximal inhibition of gene expression was achieved at 2 min. These optimized conditions 

were used to further investigate the light-activation of NF-κB DNA decoys. 

 

 
Figure 2.7.  Optimization of UV irradiation of caged hairpin and dumbbell DNA decoys in 
NF-κB/SEAP HEK 293 cells. NF-κB/SEAP HEK293 cells were transfected with caged and 
non-caged DNA decoys (150 ng) using X-tremeGENE. Cells were either irradiated for 2, 4, 
or 6 min (365 nm, 25 W) or kept in the dark. TNFα was added after 4 h and a SEAP assay 
was conducted after 24 h using a Phospha Light Systems kit. Cell viability was assayed using 
a Cell Titer Glo assay, and the SEAP signal was normalized to Cell Titer Glo signal.  All 
experiments were performed in triplicate and error bars represent standard deviations. 

 

Using the optimized conditions, NF-κB/SEAP HEK 293 cells were transfected with 

the non-caged or caged DNA decoys. After a brief UV irradiation (365 nm, 2 min, 25 W), 

NF-κB phosphorylation and activation was induced through addition of TNFα to the media. 

The NF-κB driven SEAP activity was assayed using the Phospha Light System kit, which 

was normalized to a Cell Titer Glo viability assay to account for differences in cell viability. 
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The phosphorothioate DNA decoy D1 had very little effect on NF-κB driven SEAP 

expression with only 19% reduction in reporter gene activity in comparison to the scrambled 

phosphorothioate control D0 (Figure 2.8). Conversely, the hairpin DNA decoy D2 down-

regulated NF-κB-mediated gene expression by 60%. The caged hairpin D3 (despite the 

presence of three caging groups and its complete inactivity in the gel shift assay shown in 

Figure 2.4) still showed a substantial, 37% inhibition of SEAP activity, presumably due to 

partial hairpin formation (see Table 2.1) over the extended time course of the cell based 

experiment. However, after decaging the decoy, D3 very effectively sequestered NF-κB 

complexes, inhibiting transcription of SEAP to the same extent as D2. In contrast to D3 , the 

caged hairpin D4 (containing four caging groups) was rendered completely inactive and 

showed no inhibition of SEAP expression and thus no background activity in its caged form. 

Most importantly, the caged dumbbell decoys D6 and D7 are also fully inactive. As in the 

case of D4, UV irradiation of 365 nm efficiently removes the caging groups and induces 

dumbbell formation, resulting in the effective sequestering of NF-κB and the inhibition 

SEAP expression. Thus, caged dumbbell decoys, D6 and D7, exhibit excellent on/off light-

switching behavior as shown by their complete inactivity before irradiation (100% SEAP 

activity, identical with the negative control oligonucleotide D0, and no background activity) 

and the complete restoration of DNA decoy activity after irradiation (5% SEAP activity, 

identical with the positive control D5). Overall, the (caged and non-caged) dumbbell decoys 

D5-D7 are more efficient inhibitors of NF-κB than the phosphorothioate and hairpin decoys, 

presumably due to an enhanced cellular stability67,68 and a higher binding affinity of the 

dumbbell decoy to the NF-κB complex as observed in Figures 2.2 – 2.4. In addition, the 
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dumbbell decoy activity can be completely abolished with as little as three caging groups 

while the hairpin decoy requires four caging groups to completely inhibit hybridization as 

shown by their melting temperatures (Table 2.1) and reporter assay activity (Figure 2.8). 

 

 
Figure 2.8. Photochemical activation of NF-κB induced SEAP expression. NF-κB/SEAP 
HEK 293 cells were transfected with caged and non-caged DNA decoys using X-
tremeGENE. Cells were either irradiated for 2 min (365 nm, 25 W) or kept in the dark. 
TNFα was added after 4 h, and a SEAP assay was conducted after 24 h using a Phospha 
Light Systems kit. Cell viability was assayed using a Cell Titer Glo assay, and the SEAP 
signal was normalized to the Cell Titer Glo signal. All experiments were performed in 
triplicate and error bars represent standard deviations. Adapted from Govan et al.59 

 

2.1.5 Temporal Control over NF-κB DNA Decoy Activation 

The developed light-regulation methodology was then applied to temporal control over NF-

κB induced gene expression. Thus, a time course assay was performed in which the 

scrambled (D0), the dumbbell (D5), and the caged dumbbell (D6) decoys were transfected 

into NF-kB/SEAP HEK 293 stable cells. The cells were irradiated (365 nm, 2 min, 25 W) 12 
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h post induction of SEAP expression by TNFα and aliquots of the supernatant were taken at 

1, 8, 12, 24, 36, and 48 h (Figure 2.9). SEAP expression was quantified and normalized as 

described above. The scrambled decoy D0 served as an inactive control and showed steadily 

increasing SEAP activity over the entire experiment. As previously seen in Figure 2.8, the 

dumbbell decoy D5 completely inhibits SEAP expression and only a slight increase can be 

detected over time. Importantly, the caged dumbbell D6 displayed complete inactivity and 

showed virtually identical SEAP expression levels as D0 for the first 12 h of the experiment. 

After irradiation at 12 h, SEAP expression still continued to increase for D6, reaching its 

maximum expression level at 24 h. After 24 h, the reporter gene expression level is constant 

for another 12 h then it starts to slowly decrease, in contrast to the control D0 that shows a 

constant linear increase in SEAP expression. Although light-induced decoy formation, and 

thus NF-κB sequestering, is most likely instantaneous after UV decaging, the presence of 

already transcribed SEAP mRNA may lead to the further increase in activity until 24 h into 

the time course. Once the dumbbell decoy is formed, further SEAP transcription is inhibited 

and the concentration of the reporter protein remains constant due to the SEAP protein’s 

stability of 2-3 days.69 These experiments demonstrate that precise temporal control over 

gene transcription can be achieved with light-activated DNA decoys. 

 



 

27 

 
Figure 2.9.  Temporally controlled deactivation of SEAP expression with caged NF-κB 
DNA decoys. NF-κB/SEAPorter HEK293 cells were transfected with inactive (D0), non-
caged (D5), and caged (D6) DNA decoys using X-tremeGENE, followed by TNFα addition 
4 h post-transfection. Aliquots of the supernatant were taken at 1, 8, 12, 24 and 48 h after 
induction with TNFα followed by SEAP quantification. Cells were irradiated for 2 min (365 
nm, 25 W) at 12 h after induction. The SEAP signal was normalized to cell viability. All 
experiments were performed in triplicate and error bars represent standard deviations. 
Asterisks indicate t-test results: * p < 0.5, ** p < 0.05, and *** p < 0.0005. Adapted from 
Govan et al.59 

 

2.1.6 Conclusion 

In summary, we have developed light-activated NF-κB DNA decoys through the site-specific 

installation of caging groups on select nucleobases of oligonucleotides. These decoys were 

used to photochemically regulate gene function in mammalian cells. This approach enables 

the precise temporal activation of genes that are regulated by the NF-κB transcription factor, 

but is easily adaptable to any DNA decoy. Melting temperatures and gel shift assays verified 

that the NPOM-caging groups are sufficient to disrupt DNA:DNA hybridization and thus the 

affinity of the caged decoy to the targeted transcription factor (NF-κB). Irradiation with UV 



 

28 

light led to decoy activation and complete restoration of transcriptional inhibition. Decoy 

activation and gene down regulation with UV light was furthermore demonstrated in a time-

resolved fashion. DNA decoys have great potential as therapeutic agents for the treatment of 

various diseases, including atherosclerosis,70 tumorgensis,71 and inflammation,72 and are 

currently being evaluated in multi-cellular model organisms. The developed caged DNA 

decoys will enable the study of gene expression and gene function in biological pathways 

with unprecedented spatial and temporal resolution. Part of this work has been published in 

the Journal of American Chemical Society59 and has been highlighted in ChemBioChem.73 
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2.2 Regulation of Transcription through Light-Activation and Light-Deactivation of 
Triplex-Forming Oligonucleotides in Mammalian Cells 

2.2.1 Introduction 

Triplex-forming oligonucleotides (TFOs) bind double-stranded DNA in a sequence-specific 

manner for a variety of different functions and applications, including the inhibition of 

protein-DNA binding,74 gene expression,75 and DNA replication.76 TFOs have also been 

applied to induce site-specific DNA damage,77 to enhance DNA recombination,78 and to 

perform DNA mutagenesis.79, 80 Recently, TFOs have even been used as electrochemical 

sensors for double-stranded DNA.81 Currently, TFOs and decoy oligonucleotides are two of 

the few gene-regulating tools used to inhibit transcription, in contrast to traditional antisense 

agents that regulate translation of a given gene. TFOs block transcription factors from 

binding to their genomic recognition site by forming a DNA triplex structure within a 

promoter sequence (Figure 2.10A),82 whereas decoy oligonucleotides directly sequester the 

target transcription factors.83 One advantage of TFOs over RNA-targeting antisense agents in 

the regulation of gene expression is the often enhanced suppression of a gene expression due 

to the lower copy number of genomic DNA compared to the high copy number of mRNA.79 

TFOs are single-stranded oligonucleotides that can recognize poly-purine or poly-

pyrimidine rich regions of double stranded DNA by binding in the major groove of DNA 

through Hoogsteen hydrogen bonds.74, 84 For example, adenine can hybridize to an 

adenine:thymine base-pair forming a T:A:T triplex (Figure 2.10B), while guanine can bind 

through reverse Hoogsteen hydrogen bonds to a guanine:cystosine base-pair forming a 

G:G:C triplex structure (Figure 2.10C).75, 79, 80, 85     



 

30 

 
Figure 2.10.  TFO binding and gene silencing mechanism. (A) General mechanism of gene 
silencing by triplex-forming oligonucleotides (TFOs) targeting promoter sequences. The 
presence of a DNA triplex in the promoter region prevents transcription factor binding and 
silences gene expression. (B) Hydrogen bond formation between the A:T pair in duplex 
DNA (red) and a T in the TFO. (C) Reverse hydrogen bond formation between the G:C pair 
in duplex DNA (red) and a G in the TFO. Watson-Crick (red) and Hoogsten (black) 
hydrogen bonds are indicated. Adapted from Govan et al.86 

 

One current limitation of TFOs is that their activity cannot be controlled with spatial 

or temporal resolution, thus preventing their application in the precise dissection of 

biological processes. A solution to this problem can be found in “caging” technologies that 

have been developed to photochemically regulate biological function with high spatio-

temporal resolution.4, 5, 7-10, 15, 87 Here, we demonstrate that this methodology can be extended 

to the photochemical regulation of Hoogsteen base-pairing and thus the activation and 

deactivation of TFO function and gene transcription in live cells. 

Cyclin D1 was selected as the target for the design of light-controlled TFOs due to its 

critical regulatory role in the cell cycle.88-90 Cyclin D1 is essential in the transition from G1 to 
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S phase in the cell cycle and the misregulation of this process has been associated with a 

number of neoplastic diseases.91, 92 Over-expression of cyclin D1 causes multiple 

downstream effects, including anchorage-independent growth, vascular endothelial growth 

factor production, tumorigenicity in mice, and resistance to chemotherapeutic agents.92 

Inhibition of cyclin D1 translation93 and transcription94 has been achieved with 

oligonucleotides and, in combination with chemotherapeutic agents (e.g., 5-fluorourcil, 

methotrexate, and cisplatin), enhances the overall effect of cancer treatment.93, 95 

 

2.2.2 Synthesis of Caged Triplex-Forming Oligonucleotides 

In order to demonstrate photochemical control of TFO function, non-caged 

deoxyoligonucleotides and caged deoxyoligonucleotides containing 6-

nitropiperonyloxymethyl (NPOM)-caged thymidine residues were synthesized (Table 2.2), 

based on successful applications of caged thymidines in the light-regulation of 

oligonucleotide function.20, 56, 57, 61, 96 A TFO that sequence-specifically targets the cyclin D1 

promoter sequence, as previously reported,94  was chosen as a model system for the light-

activation and -deactivation of TFOs. Although these TFOs are not canonical homo-purines 

or homo-pyrimidines, there is evidence that mixed-purine/pyrimidine G-rich TFOs can 

exhibit sufficient binding to double-stranded DNA targets.97 Despite the G-rich nature of the 

cyclin D1 TFO, G-rich TFOs are highly active antigene agents that bind to double-stranded 

genomic DNA targets and efficiently inhibit transcription.98-100 First, non-caged TFOs were 

synthesized in order to validate efficient gene silencing. A TFO with a non-modified 

phosphodiester backbone (TFO-1) and, in order to stabilize the oligonucleotide for 
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intracellular applications, a TFO containing phosphorothioate modifications (PS-TFO-1) 

were synthesized.101, 102 In addition, hairpin loop structures on the 5′ and 3′ termini of 

antisense agents have recently been shown to stabilize oligonucleotides in tissue culture 

while maintaining their antisense properties,57, 103 a methodology that has previously not been 

applied to TFOs. Thus, a hairpin-protected TFO composed of regular DNA containing 

phosphodiester linkages was also generated (HP-TFO-1). In addition, the inactive TFOs: 

TFO-0, PS-TFO-0, and HP-TFO-0, were designed as negative control oligonucleotides and 

were synthesized. 

 

Table 2.2.  Structure of the caged thymidine residue and sequences of synthesized triplex-
forming oligonucleotides (TFOs). * Denotes a phosphorothioate bond and T denotes a caged 
thymidine (see insert). Caged TFOs were synthesized by the Lively Lab (Wake Forest 
University). Adapted from Govan et al. 86 
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2.2.3 Formation of Triplex Structure in vitro and in Cell Culture 

Gel shift assays were performed in order to examine if the backbone modifications or 

introduction of the hairpin loop structure has an effect on the formation of oligonucleotide 

triplexes. Gratifyingly, the phosphodiester TFO-1, phosphorothioate PS-TFO-1, and the 

hairpin-protected HP-TFO-1 efficiently bind to cyclin D1 duplex DNA target to form triplex 

structures, inducing a corresponding gel shift (Figure 2.11, lanes 3, 5, and 7). As expected, 

the negative control TFOs TFO-0, PS-TFO-0, and HP-TFO-0 did not form triplex structures 

as evident by the lack of a shifted radiolabeled duplex DNA. Since no difference in triplex-

forming ability was observed between the phosphodiester and phosphorothioate-modified 

oligonucleotides, both species were subsequently tested in mammalian tissue culture.  

 

 

Figure 2.11. Investigation of triplex formation via gel shift assays. The radiolabeled cyclin 
D1 target sense strand was annealed to its complement and was incubated with a 5-fold 
excess of TFO at 37 °C for 4 h. Lane 1: Cyclin D1 target duplex. Lane 2: TFO-0. Lane 3: 
TFO-1. Lane 4: PS-TFO-0. Lane 5: PS-TFO-1. Lane 6: HP-TFO-0. Lane 7: HP-TFO-1. Lane 
8: CHP-TFO-1 –UV. Lane 9: CHP-TFO-1 + UV. a) Unbound DNA duplex. b) DNA duplex 
bound to a TFO. c) DNA duplex bound to a hairpin-protected TFO. Adapted from Govan et 
al.86 
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Next, the effect of triplex formation on cyclin D1-driven expression of a luciferase 

reporter gene in live cells was investigated. TFOs were transfected into human embryonic 

kidney (HEK) 293T cells together with a reporter gene encoding firefly luciferase. As 

previously reported, the cyclin D1 promoter was cloned upstream of the firefly luciferase 

gene (pCyclin D1 Δ-944) and was a generous gift from the Schuler lab (University of 

Wisconsin),104, 105 enabling the measurement of promoter activity by quantifying firefly 

luciferase expression. The cellular assay conditions were first optimized. The TFO 

concentration was optimized by titrating increasing concentrations of scrambled and 

phosphorothioate cyclin D1-targeting TFOs into HEK 293T cells. After a 24 h incubation 

period, a firefly luciferase assay was conducted. The optimal TFO concentration was 0.5 µM 

for inhibition of cyclin D1-driven luciferase expression (Figure 2.12A). Interestingly, 

increasing the concentration of the TFOs led to nonspecific inhibition of luciferase 

expression based on the decrease in luciferase expression in both the scrambled negative 

control, PS-TFO-0 and the TFO, PS-TFO-1, treated cells. Additionally, the length of the 

assay was varied. Using the optimized TFO concentration, the cells were incubated for 24 h 

or 48 h after transfection of the scrambled PS-TFO-0 and cyclin D1 targeting TFO PS-TFO-

1. A firefly luciferase assay was performed. The assay duration did not have a significant 

effect on the inhibition of firefly luciferase (Figure 2.12B) as the same fold difference was 

observed between the scrambled control, PS-TFO-0, and the TFO, PS-TFO-1, at both 24 h 

and 48 h; thus, the shorter assay length was chosen for future experiments.   
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Figure 2.12.  Optimization of TFO transfection conditions. (A) HEK 293T cells were 
transfected with pCyclin-D1 Δ-944 and increasing concentration of TFOs and incubated for 
24 h. (B) HEK 293T cells were transfected with pCyclin-D1 Δ-944 and 0.5 µM TFO and 
incubated for 24 h or 48 h. The cells were assayed with a Bright Glo assay (Promega). Error 
bars represent standard deviations from three independent experiments. 

 

Next, the TFOs were transfected into human embryonic kidney (HEK) 293T cells 

together with a dual reporter system encoding firefly luciferase and Renilla luciferase. The 

cyclin D1 promoter was cloned upstream of the firefly luciferase gene (pCyclin D1 Δ-

944),104 enabling the measurement of promoter activity by quantifying firefly luciferase 

expression. The Renilla luciferase plasmid (pRL-TK) was used as a control to account for 
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differences in cell viability and transfection efficiency. As expected, based on the gel shift 

assays shown in Figure 2.11, the negative controls (TFO-0 & PS-TFO-0) showed no 

inhibition of firefly luciferase (Figure 2.13). Also, TFO-1, which consists of DNA with a 

simple phosphodiester linkage showed no inhibition of firefly gene expression. This is most 

likely the result of fast intracellular degradation of the TFO, since non-modified DNA is 

quickly degraded by exonucleases.106 Surprisingly, the substantially more stable 

phosphorothioate PS-TFO-1 only led to a marginal inhibition (25-40%) of firefly luciferase 

expression, when compared to the negative control PS-TFO-0, despite optimization of 

transfection conditions (Figure 2.12). However, this could possibly be the result of TFO 

sequestering through nonspecific binding of the phosphorothioate DNA to proteins.80 

Additionally, it has been shown that PS-TFOs have a 10-fold higher dissociation constant 

than phosphodiester TFOs to double stranded DNA,107 which also accounts for the relatively 

low inhibition of transcription by PS-TFO-1 compared to the negative control TFO.  

Importantly, the hairpin-protected TFO (HP-TFO-1) induced a >70% inhibition of luciferase 

expression, while the corresponding negative control HP-TFO-0 showed no gene 

knockdown. This demonstrated, for the first time, that hairpin-stabilized 

deoxyoligonucleotides could be effectively applied as triplex-forming gene regulatory agents 

in mammalian cell culture.  
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Figure 2.13. Intracellular inhibition of cyclin D1 promoter-driven transcription using 
modified TFOs. HEK 293T cells were co-transfected with pCyclin-D1 Δ-944, pRL-TK, and 
TFOs. Relative luciferase units (RLU) represent the firefly luciferase signal under control of 
the cyclin D1 promoter normalized to the Renilla luciferase signal as a control. Error bars 
represent standard deviations from three independent experiments. Adapted from Govan et 
al.86 

 

2.2.4 Light-Activation of Hairpin TFO 

Since HP-TFO-1 demonstrated the greatest inhibition of gene transcription, we synthesized a 

corresponding caged analog (CHP-TFO-1). Based on previous studies investigating the effect 

of multiple caged thymidines on the inhibition of Watson-Crick base-pairing in DNA:DNA 

and DNA:RNA duplexes,20, 56 caged thymidine nucleotides were incorporated every 3-6 

nucleotides throughout the TFO binding site in HP-TFO-1, generating CHP-TFO-1 bearing 

four NPOM caging groups (Table 2.2). To determine if the caged hairpin TFO forms a 

triplex structure, a gel shift assay was performed. Gratifyingly, the installation of the 4 

caging groups on thymidine residues completely prevented CHP-TFO-1 from undergoing 

DNA triplex formation (Figure 2.11, lane 8), as the gel only showed a band for the unbound 

cyclin D1 duplex. CHP-TFO-1 is as inactive as a TFO as to the corresponding the negative 
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control TFO (HP-TFO-0, lane 6). However, upon UV irradiation the caging groups are 

removed and the hairpin TFO binds to the cyclin D1 target site forming a triplex structure 

and inducing a significant gel shift (lane 9), identical to the shift observed for the positive 

control TFO shown in lane 7 (HP-TFO-1).  

These results set the stage for the investigation of the light-activation of the caged 

hairpin TFO in cell culture. We hypothesized that the caged CHP-TFO-1 would be inactive 

when transfected into mammalian cells, leading to gene expression. A brief UV irradiation, 

however, will remove the caging groups, activate the TFO, and lead to the suppression of 

gene expression (Figure 2.14A). To this end, HEK 293T cells were co-transfected with 

plasmids encoding firefly luciferase (pCyclin D1 Δ-944), Renilla luciferase (pRL-TK), and 

with the TFO antisense agents. As expected, the negative control hairpin, HP-TFO-0, had no 

effect on firefly luciferase activity regardless of UV irradiation (Figure 2.14B). The HP-TFO-

1 reduced luciferase expression by approximately 80%, in agreement with the previous assay 

(Figure 2.13). The caged hairpin TFO (CHP-TFO-1) was inactive showing full luciferase 

expression (comparable to the negative control HP-TFO-0), demonstrating that intracellular 

triplex formation and thus gene silencing could be completely inhibited through the 

installation of nucleobase caging groups at defined thymidine residues. After brief UV 

irradiation (365 nm) of the transfected HEK 293T cells, the caging groups were removed, 

triplex-forming ability was restored and a 78% inhibition of gene expression was observed, 

comparable to the non-caged HP-TFO-1.  
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Figure 2.14.  Photochemical activation of caged TFOs in mammalian cells. (A) Schematic 
of light-activated gene silencing using caged TFOs. The sequence of the TFO that binds to 
the targeted double-stranded DNA is blocked through light-removable protecting groups 
(caging groups). UV irradiation removes the caging groups, restores TFO activity, and 
inhibits gene expression. (B) Dual-Luciferase reporter assay in the presence and absence of 
UV irradiation (365 nm, 2 min). Relative luciferase units (RLU) represent the firefly 
luciferase signal under control of the cyclin D1 promoter normalized to the Renilla luciferase 
signal as a control. Error bars represent standard deviations from three independent 
experiments. Adapted from Govan et al.86 

 

To fully maximize the light-activation of the TFO hairpin, an irradiation time course 

was performed. In a similar manner as described previously, HEK 293T cells were 

transfected with plasmids encoding firefly luciferase (pCyclin D1 Δ-944), Renilla luciferase 

(pRL-TK), and with the TFO antisense agents. After transfection, the cells were irradiated 
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with UV light for up to 6 min (365 nm), incubated for 24 h, and a dual luciferase assay was 

performed. The optimal irradiation condition was found to be 2 min and no increase in firefly 

luciferase inhibition was observed with prolonged exposure to UV light (Figure 2.15). The 

resulting level of reporter gene activity before and after UV irradiation demonstrates a highly 

efficient light-switching of an inactive, caged TFO (CHP-TFO-1) to a fully active, 

transcription-inhibiting TFO (HP-TFO-1). 

 

 
Figure 2.15.  Irradiation time course of caged hairpin TFO. HEK 293T cells were co-
transfected with pCyclin-D1 Δ-944, pRL-TK, and 0.5 µM TFO. After transfection, cells were 
irradiated for 2, 4, or 6 min with a transilluminator (365 nm, 25W). After a 24 h incubation, 
the cells were assayed with a dual-luciferase reporter assay system. Error bars represent 
standard deviations from three independent experiments. 

 

2.2.5 Design of Light De-Activating TFOs 

In addition to the photochemical activation of TFOs and thus photochemical inhibition of 

transcription, we hypothesized that by designing a caged TFO dumbbell structure we can 

achieve photochemical inhibition of TFO activity and therefore activation of transcription. In 
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the caged form, the TFO dumbbell will bind DNA, forming a triplex structure and thereby 

inhibiting gene expression. After irradiation, the caging groups are cleaved and the TFO will 

now deactivate itself by forming a DNA dumbbell structure that cannot bind to the promoter 

region, leading to an activation of gene expression (Figure 2.16). 

 

 
Figure 2.16.  Schematic of the light-activation of gene expression (gene transcription) using 
caged CDB-TFOs. The TFO is active before UV irradiation and becomes inactive through 
decaging and subsequent blocking of the double-stranded DNA targeting site by dumbbell 
formation. Adapted from Govan et al.86 

 

2.2.6 Synthesis of Dumbbell-Forming TFOs 

Due to the prevalence of guanines in the TFO targeting region, the caged thymidine 

phosphoramidite could not be applied and a caged deoxycytidine phosphoramidite needed to 

be developed in order to create a light-deactivatable TFO. Previously, a 1-(2-

nitrophenyl)ethyl caged deoxycytidine has been synthesized and used in the activation of 

aptamers using light.108 The efficiency of photolysis of the 2-nitrobenzyl caging group is 

known to depend upon the nature of its aromatic substituents.109 Electron-rich substituents on 

the benzene ring and a methyl substituent in the benzylic position enhance the photolytic 
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properties of such caging groups enabling the use of long-wavelength UV light of 365 nm 

and thus are advantageous for applications in biological systems.110, 111 To take advantage of 

the electron-donating nature of the methylenedioxy moiety and the α-methyl group, a 

nitropiperonyl ethyl (NPE)-caged deoxycytidine phosphoramidite (synthesized by Rajendra 

Uprety, Deiters Lab) was designed for the synthesis of caged DNA oligonucleotides 

containing light-activatable deoxycytidine residues. 

In order to test the photochemical activation of gene expression with light-

deactivatable TFOs, the corresponding non-caged DNA oligonucleotides and caged DNA 

oligonucleotides containing NPE-protected cytidine residues were synthesized (Table 2.3). 

The caged cytidine nucleotides were site-specifically incorporated every 3-4 nucleotides 

along the self-complementary inhibitor sequence of the TFO molecule (caged TFO was 

synthesized by James Hemphill, Deiters Lab). This design renders the TFO binding site open 

to hybridization to its double-stranded DNA target in the caged form; however, UV 

irradiation will remove the caging groups, inducing formation of a dumbbell structure that 

blocks the binding site and deactivates TFO function. In turn, this leads to the light-activation 

of transcription. Based on our results with the hairpin TFO (HP-TFO-1) described above, the 

hairpin loop structures were incorporated into the TFO to provide cellular stability to the 

DNA. 
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Table 2.3.  Structure of the caged cytidine residue and sequences of synthesized Triplex-
Forming Oligonucleotides. C denotes a caged cytidine nucleotide (see insert). The caged 
cytidine phosphoramidite was synthesized by Rajendra Uprety (Deiters Lab) and the caged 
TFO oligonucleotide was synthesized by James Hemphill (Deiters Lab). Adapted from 
Govan et al.86 

 

  

2.2.7 Light Deactivation of TFO Function using Caged Dumbbell TFOs 

The light-deactivation of TFOs was first investigated using a gel shift assay (Figure 2.17). 

The radiolabeled double-stranded cyclin D1 target sequence was incubated with the non-

caged or caged TFOs. The caged dumbbell TFOs were either kept in the dark or were 

irradiated for 5 min (365 nm). As a positive control, the HP-TFO-1 was used and displayed a 

significant gel shift indicating the formation of a triplex structure (Figure 2.17, lane 2) when 

compared to just the target DNA duplex (lane 1). In the presence of the dumbbell TFO, DB-

TFO-1, no gel shift was observed (lane 3), indicating that the double-stranded stem of the 

TFO does not bind to the target and does not form a triplex structure. The caged TFOs, CDB-

TFO-1 and CDB-TFO-2, containing 4 or 5 caged cytidine nucleotides, however, do in fact 
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bind the targeted DNA duplex and form triplex structures (lanes 4 and 6), since dumbbell 

formation is inhibited by the presence of the caging groups. However, after light irradiation, 

the caging groups are removed leading to formation of the dumbbell and thus inhibition of 

TFO binding activity (lanes 5 and 7). 

 

 
Figure 2.17. Investigation of triplex formation with caged dumbbell TFOs via gel shift 
assay. The 32P-radiolabeled cyclin D1 target duplex DNA was incubated with the different 
TFOs at 30 °C for 2 h. Lane 1: Cyclin D1 target duplex. Lane 2: HP-TFO-1. Lane 3: DB-
TFO-1. Lane 4: CDB-TFO-1 –UV. Lane 5: CDB-TFO-1 +UV. Lane 6: CDB-TFO-2 –UV, 
Lane 7: CDB-TFO-2 +UV. a) Unbound radiolabeled DNA duplex. b) DNA duplex bound to 
an active, caged dumbbell TFO (CDB-TFO). c) DNA duplex bound to a hairpin TFO. 
Adapted from Govan et al.86 

 

The gel shift results indicate the potential to photochemically deactivate triplex-

formation and thus photochemically activate transcription. Thus, the non-caged and caged 

dumbbell TFOs were tested in cell culture. HEK 293T cells were co-transfected with 

plasmids encoding firefly luciferase (pCyclin D1 Δ-944), Renilla luciferase (pRL-TK), and 

with the TFOs. As a positive control for UV exposure, the CHP-TFO-1 was used since we 

have already established that it has an excellent light-switching behavior from an inactive to 

an active TFO (see Figure 2.14). As before, the CHP-TFO-1 shows no inhibition of gene 
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expression until irradiation induces decaging and virtually complete inhibition of luciferase 

expression (Figure 2.18). The dumbbell TFO (DB-TFO-1) does not inhibit gene expression, 

as expected, based on the gel shift results (see Figure 2.17). The CDB-TFO-1 is an active 

TFO, inhibiting luciferase transcription until irradiated with UV light of 365 nm (5 min), 

which removes the caging groups and deactivates the TFO through dumbbell formation and 

leads to a substantial increase in luciferase activity. Similarly, the CDB-TFO-2 (carrying 5 

caging groups) inhibits gene expression before irradiation and gene expression is restored 

after UV exposure. These results demonstrate that the caged dumbbell TFOs are 

complementary tools to the caged TFOs. Together they enable the promoter-specific light-

activation and light-deactivation of transcription with excellent efficiency, allowing caged 

TFOs to be used as transcriptional on/off light-switches. 

 

 
Figure 2.18. Photochemical activation of gene transcription in mammalian cells. Relative 
luciferase units (RLU) represent the firefly luciferase signal normalized to a Renilla 
luciferase signal as a transfection and cell viability control. Error bars represent standard 
deviations from three independent experiments. Adapted from Govan et al.86 
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2.2.8. Photochemical Regulation of Cyclin D1 Through Caged TFOs  

On the basis of the successful light-activation and light-deactivation of gene activity in a 

classical luciferase reporter system, the caged TFOs were subsequently tested for their 

photochemical regulation of the endogenous cyclin D1 gene. Due to the inherent tightly 

packed nature of chromatin DNA compared to a transfected plasmid, the light regulation of 

an endogenous gene using caged TFOs needed to be validated. Towards this goal, the human 

breast cancer cell line (MDA-MB-231) was transfected with the previously synthesized 

caged TFOs and cells were either irradiated (365 nm) or kept in the dark. After 48 hours, 

cellular RNA was extracted and subjected to quantitative real-time PCR (qRT PCR) analysis. 

Serving as a negative control, HP-TFO-0 displayed no inhibition of cyclin D1 expression, 

while HP-TFO-1 suppressed cyclin D1 expression by 80% (Figure 2.19). Thus, the inhibition 

of expression of an endogenous gene is in excellent agreement with inhibition of reporter 

gene expression. The caged hairpin-stabilized TFO, CHP-TFO-1, was inactive; however, 

activity was restored through UV irradiation (5 min, 365 nm), demonstrating the light-

induced knock-down of an endogenous gene. In order to demonstrate photochemical 

activation of cyclin D1 gene expression, the caged active TFO, CDB-TFO-1, was transfected 

into MDA-MB-231 cells. The 4 caging groups present in the pre-dumbbell TFO rendered this 

silencing agent completely active with 74% suppression of cyclin D1 expression. Upon UV 

irradiation, the dumbbell is formed, inactivating the TFO and activating gene expression. The 

application of the two caged oligonucleotides, CHP-TFO-1 and CDB-TFO-1, demonstrates 

for the first time, the light-activation and light-deactivation of transcription of an endogenous 

gene. The developed nucleobase-caging technology is highly versatile and can be applied to 
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any TFO target site, as caged phosphoramidites of all four nucleotides are available.36, 61, 112 

This methodology enables transcriptional studies of endogenous gene expression with high 

spatial and temporal resolution using caged TFOs. 

 

 
Figure 2.19.  Photochemical activation and deactivation of cyclin D1 expression in 
mammalian cells. MBA-MD-231 cells were transfected with TFOs and cells were incubated 
for 48 h at 37 °C. RNA was isolated and qRT PCR was performed. Cyclin D1 expression 
was normalized to the expression of the GAPDH housekeeping gene, relative to untreated 
cells. Error bars represent standard deviations from three independent experiments. Adapted 
from Govan et al.86 

 

2.2.9. Conclusion 

In summary, caged triplex-forming oligonucleotides (TFOs) were synthesized and 

successfully applied in the photochemical regulation – activation and deactivation – of 

transcription in mammalian cells. In the course of these studies, several important discoveries 

and methodology advancements were made. Specifically, the first physiologically active 

TFOs composed of standard DNA and stabilized with intramolecular hairpins at the 5′ and 3′ 

termini were synthesized. These reagents enabled stronger inhibition of gene expression than 
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standard phosphorothioate-stabilized TFOs. Through the direct incorporation of caging 

groups on nucleobases within the TFO molecules, light-induced inhibition of a specific 

promoter (cyclin D1) and thus inhibition of gene transcription was achieved. Gel shift studies 

verified that the installed caging groups disrupt reverse Hoogsteen hydrogen bonding of the 

TFO to the target DNA duplex, and that binding can be restored through decaging and 

activation of the TFO via brief UV irradiation. In addition, a caged TFO design was 

developed that enables the light-activation of gene expression. This was achieved through the 

design and synthesis of a new caged deoxycytidine phosphoramidite and its incorporation 

into dumbbell-forming TFOs. Here, the TFO molecule is active and inhibits transcription 

until UV irradiation renders it inactive through nucleobase decaging and DNA dumbbell 

formation, leading to light-activation of transcription. These methodologies were validated in 

human cells by photochemically controlling the transcription of a transiently transfected 

reporter gene (luciferase) and an endogenous gene (cyclin D1). The discoveries reported here 

– intracellular function of DNA-based TFOs through stabilization by terminal hairpins and 

their photochemical activation and deactivation using caged nucleobases – have implications 

in the precise regulation of gene promoter activity in tissue culture and multicellular 

organisms.113, 114 Applications of caged TFOs range from basic biological studies of gene 

expression to new gene therapeutic approaches in high spatial and temporal resolution. Part 

of this work has been published in American Chemical Society Chemical Biology.86 
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2.3 Regulation of Plasmid Activity through a Photocaged Promoter  

2.3.1 Introduction 

In cell and molecular biology, plasmids are small double-stranded circular DNA that 

typically encode 1 or 2 genes and are extensively used as a reporter output (fluorescence, 

luminescence, etc) or to express a gene of interest in a particular cell. Since plasmids are 

independent from chromosomes and use the cell’s transcriptional machinery for expression, 

the gene(s) encoded on the plasmid is constitutively transcribed and expressed. Therefore, no 

spatial control can be achieved and temporal activation of gene expression is limited to the 

time of transfection or addition of a small molecule activator (i.e. tetracycline-controlled 

activation of transcription).115  

For expression in mammalian cells, the plasmid must contain a mammalian 

expression promoter upstream of the gene of interest. One of the most common promoters for 

mammalian cells is the cytomegalovirus (CMV) promoter.116 The CMV promoter contains a 

specific transcription initiator sequence called the "TATA box".117 Transcription is initiated 

when a subunit of transcription factor IID (TFIID), referred to as the TATA box binding 

protein (TBP), binds to the TATA box sequence. This binding causes an initiation cascade to 

occur. In brief, the DNA bends and becomes distorted allowing additional transcription 

factors to bind to TFIID, eventually recruiting RNA polymerase II. Next, transcription factor 

IIH (TFIIH) unwinds the dsDNA and phosphorylates RNA polymerase II, which initiates the 

start of transcription (Figure 2.20).118 Since the binding of TBP to the TATA box is the 
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driving force to activate transcription, we hypothesized that this would be an optimal site to 

photoregulate the transcription of a plasmid. 

 

 
Figure 2.20.  Initiation of transcription. A TATA box binding protein (TBP), a subunit of 
transcription factor IID (TFIID), interacts with the TATA box DNA sequence. Additional 
transcription factor initiator proteins bind, and recruit RNA polymerase II to the complex. 
This allows transcription factor IIH (TFIIH) to join the complex, unwind the DNA and 
phosphorylate RNA polymerase, driving transcription. Adapted from Alberini.118 

 

The current caged nucleobase technology is limited to the synthesis of DNA or RNA 

oligos, that range from 15 – 90 nucleotides and thus the synthesis of a caged plasmid is 

outside of our capabilities. Therefore, a new photoregulation strategy needs to be developed 

that utilizes short caged oligomer fragments and can be inserted into a larger DNA sequence 

in a site-specific manner. Recently, Yuan and co-workers inserted 6-thioguanine and S6-
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methylthioguanine at a specific site within a plasmid through a restriction digest.119 Based on 

this study, a strategy was designed in which caged nucleobases could be installed site-

specifically within plasmid DNA. The restriction enzyme, Nt.BstNB, cleaves one strand of 

dsDNA at a point 4 nucleobases from the 3′ end of the recognition site (GAGTC). Therefore 

by cloning the recognition site in twice, a single stranded segment of DNA can be removed 

from the plasmid and replaced with a DNA strand containing caged nucleobases (Figure 

2.21).  

The photoregulation of the enhanced green fluorescent protein (EGFP) reporter gene 

was selected as a proof-of-concept model. An EGFP plasmid, pEGFP-N1 (Clontech), was 

modified by cloning two Nt.BstNB restriction sites into the CMV promoter, flanking the 

TATA box (Figure 2.21). The resulting plasmid pEGFP-BstNB was then digested with 

Nt.BstNB, which created two nicks within the plasmid DNA (Step 1). The reverse 

complement of the DNA fragment was added to the digest and (2) removed the previously 

bound short DNA fragment through a displacement reaction. Next, the plasmid was gel 

purified (3) and a phosphorylated caged DNA insert was ligated into the plasmid (4). Lastly, 

the circular caged plasmid was gel purified (5). Thus, in five steps, a caged plasmid can be 

generated. Due to the placement of the caged nucleobases (within the TATA box), we 

hypothesized that this will inhibit transcription of EGFP until UV irradiation cleaves the 

caging group, thereby initiating transcription of EGFP in cell culture (6). 
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Figure 2.21.  Schematic of the caged plasmid construction. (1) pEGFP-Bst is digested with 
Nt. BstNB and (2) annealed with the reverse complement to remove the TATA box region. 
(3) The digested plasmid is gel purified and (4) ligated with a phosphorylated caged TATA 
box insert. (5) The caged plasmid is then gel purified and (6) the plasmid is then transfected 
into mammalian cells and the cells were either kept in the dark (no expression of EGFP) or 
irradiated with UV light (EGFP expression). The restriction sites are highlighted in bold and 
the TATA box recognition sequence is shown in blue. 

 

2.3.2 Synthesis and Hybridization of TATA box Oligomers 

Based on previous caging studies, NPOM-caged thymidine residues (1-3) were site-

specifically incorporated within an oligomer containing the TATA box sequence 

(synthesized by James Hemphill, Deiters; Lab, Table 2.4). The installation of the caged 

thymidine nucleotides was predicted to disrupt hydrogen bonding interactions between base-

pairs within the TATA box region, as nucleotides outside of this region are needed to base-
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pair for ligation into the plasmid. To ensure that the caged DNA does not completely inhibit 

hybridization with its reverse complement sequence, melting temperatures (Tm) were 

determined. The nonmodified primer T0 had a Tm of 73.4 °C (Table 2.4). The addition of a 

single caging group T1 decreased the Tm to 69.5 °C, a difference of 4 °C. The installment of a 

second caging group T2 lowered the Tm an additional two degrees to 67.3 °C. Lastly, the 

incorporation of three caging groups T3 resulted in a Tm of 58.3 °C, a change of 16 °C. With 

each addition of a caged nucleotide, the Tm decreased, which was reflective of the caging 

groups interfering with the hydrogen bonding interactions of the nucleobases. Importantly, 

hybridization for all caged primers was detected. Upon UV irradiation (20 min, 365nm), the 

caging groups were removed and an increase in Tm was observed in which T1 closely 

resembled the non-caged primer. Additional irradiation time is needed for T2 and T3 as 

complete hybridization was not restored. 

 

Table 2.4.  Sequence and melting temperatures (Tm) of caged TATA box primers. T 
represents NPOM-caged thymidine residue. Standard deviations were derived from Tm 
measurements of three different experiments. The NPOM-caged thymidine phosphoramidite 
was synthesized by Rajendra Uprety (Deiters Lab). The caged oligomers were synthesized by 
James Hemphill (Deiters Lab). 
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2.3.3 Light-Activation of Transcription in Mammalian Cells 

Caged plasmids were constructed as previously described (see Figure 2.21). At each step, a 

sample was collected and analyzed on an agarose gel. In brief, pEGFP-BstNB was digested 

with Nt.BstNB (New England Biolabs); the digested plasmid resolved slower on a gel and 

therefore can be differentiated from the faster running circular plasmid DNA (Figure 2.22, 

lanes 1 and 2). An excess of the reverse complement primer was added to the digestion 

reaction and heated to 80 °C and slowly cooled to room temperature to remove the short 

nicked fragment (lane 3). After gel purification, only the digested plasmid remained (lane 4) 

and upon ligation with the phosphorylated caged plasmid, the circular plasmid was restored, 

shown by the faster migrating pattern, reflective of circular DNA (lane 5). 

 

 
Figure 2.22.  Gel image of caged plasmid construction. pEGFP-Bst (1) was digested with 
Nt.BstNB (2). The reverse complement to the nicked DNA fragment was added and annealed 
(3). The digested plasmid was gel purified (4) and the phosphorylated caged DNA oligo was 
ligated into the purified plasmid (5). Aliquots of each step were collected and analyzed on a 
1% agarose gel and imaged on a Typhoon phosphorimager.  
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The caged plasmids were then assessed for function in mammalian cell culture. 

Human embryonic kidney (HEK 293T) cells were co-transfected with the modified pEGFP-

BstNB plasmids and pDsRed-N1-monomer using branched polyethylene imine (bPEI) in an 

overnight experiment. DsRed expression was used as a transfection control. The following 

morning, the cells were either irradiated for 5 min (365 nm, 25 W) or kept in the dark, 

followed by incubation for 48 h. The cells were then imaged on a Zeiss inverted microscope 

and GFP and DsRed expression was quantified using flow cytometry. The number of cells 

expressing both GFP and DsRed was normalized to cells expressing only DsRed. As 

expected, the modified plasmid with no caging groups pEGFP-Bst_T0 displayed no inhibition 

of GFP expression (Figure 2.23A). As a negative control, cells treated with a mutated TATA 

box plasmid pEGFP-Bst_Tmut resulted in 15% GFP expression (Figure 2.23B and Figure 

2.24). The introduction of a single caging group pEGFP-Bst_T1 displayed only 22% GFP 

expression (Figure 2.23C and Figure 2.24). This demonstrated that a single caging group was 

capable of inhibiting transcription of a reporter gene. After UV irradiation, the plasmid was 

fully functional, resulting in 81% GFP expression (Figure 2.24). In the presence of two 

NPOM-caged thymidine groups pEGFP-Bst_T2 and three caging groups pEGFP-Bst_T3 no 

transcription, and thus no gene expression, was observed (Figure 2.23D and 2.23E). Upon 

UV irradiation, the caging groups are cleaved resulting in 84% and 76% GFP expression 

observed, respectively (Figure 2.24). Therefore, the incorporation of NPOM-caged thymidine 

nucleotides within the TATA box is a site in which a plasmid can be photochemically 

regulated.  
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Figure 2.23.  Light-activation of EGFP expression. HEK 293T cells were transfected with 
noncaged and caged pEGFP-Bst and pDsRed-N1-monomer. The cells were irradiated for 5 
min with UV light (365 nm, 25W) or kept in the dark. (A–E) Cells were imaged after 48 h. 
EGFP channel is shown to the left of the DsRed channel. (A) pEGFP-Bst_T0 (B) pEGFP-
Bst_Tmut (C) pEGFP-Bst_T1 (D) pEGFP-Bst_T2 (E) pEGFP-Bst_T4  
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Figure 2.24.  Quantification of light-activated EGFP expression. HEK 293T cells were 
transfected with noncaged and caged pEGFP-Bst and pDsRed-N1-monomer. The cells were 
irradiated for 5 min with UV light (365 nm, 25W) or kept in the dark. After a 48 h 
incubation, the cells were trypsinized and analyzed by flow cytometry. The number of cells 
expressing both EGFP and DsRed was normalized to the number of cells expressing only 
DsRed. Standard deviations were calculated form three individual experiments. 

 

2.3.4 Caged TATA box Regulates Transcription 

Next, the mechanism of how the caging groups inhibit transcription and therefore gene 

expression was investigated. Previously, Krock and Heckel incorporated a caged thymidine 

nucleotide within the T7 promoter region and showed light-activation of transcription 

through the incorporation of a single caging group.62 Therefore, we first hypothesized that 

the caging groups would prevent the TATA box binding protein (TBP) from binding to the 

TATA box, since the NPOM-caged thymidine nucleotides are incorporated within the TATA 

box region. Therefore, nuclear extracts from HEK 293T cells were incubated with 5 ′ 

radiolabeled caged TATA box duplexes. The samples were kept in the dark or irradiated for 

2 min using a UV transilluminator (365 nm) and incubated at room temperature for 20 min, 
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and then resolved on a 16 % native PAGE gel. Upon incubation of the nuclear extracts with 

the non-caged TATA box duplex T0, a significant shift in the radiolabeled DNA duplex was 

observed (Figure 2.25) indicative of protein binding to the DNA duplex. However, this gel 

shift was also observed with the caged TATA box DNA duplexes T1-T3, indicates that non-

specific protein was bound to the DNA duplex, even in the presence of the caged 

nucleobases.  

 

 
Figure 2.25.  Gel shift analysis of caged TATA box duplexes from nuclear extracts. 
Radiolabeled non-caged and caged duplexes were incubated with HEK 293T nuclear 
extracts. Samples were either kept in the dark or irradiated with UV light (365 nm, 2 min) 
and incubated at RT for 20 min. Samples were analyzed on a 16 % native PAGE gel and 
imaged on a Typhoon FLA 7000 phosphorimager.  

 

Since the nuclear extracts contain many different proteins that are within the nucleus, 

it could be possible that one of these proteins bind non-specifically to the TATA box domain. 

The TATA box-binding protein (TBP) directly interacts with the TATA box sequence, thus 

we thought that the caging groups directly inhibit TBP from binding to the TATA box. In a 
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similar manner as stated above, radiolabeled non-caged and caged DNA duplexes were 

incubated with recombinant TBP protein and either irradiated with UV light (365 nm, 2 min) 

or kept in the dark. The samples were analyzed on a 16 % native PAGE gel. In the presence 

of the non-caged TATA box duplex T0, a noticeable shift was observed when TBP was added 

to the duplex, indicating that the TBP was bound to the DNA duplex (Figure 2.26).  

However, a gel shift was also observed when the caged sequences T1-T3 were incubated with 

TBP in the absence of UV irradiation. Therefore, we concluded that the caged nucleobases 

do not prevent the TBP from binding to the TATA box region of the DNA and thus, the 

caging groups must inhibit a different cellular function. 

 

 
Figure 2.26.  Gel shift analysis of caged TATA box duplexes binding to TBP. 
Radiolabeled non-caged and caged duplexes were incubated with TATA box binding protein 
(TBP). Samples were either kept in the dark or irradiated with UV light (365 nm, 2 min) and 
incubated at room temperature for 20 min. Samples were analyzed on a 16 % native PAGE 
gel and imaged on a Typhoon FLA 7000 phosphorimager.  
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Lastly, an in vitro transcription reaction was performed to confirm that transcription 

was inhibited by the addition of nucleobase caging groups. Non-modified and caged pEGFP-

BstNB plasmids were linearized and then either irradiated with UV light (365 nm, 2 min) or 

kept in the dark. Transcription was initiated through addition of a master mix containing 

HeLa cell nuclear extraction and α-32P ATP. After 1 h incubation at 30 °C, RNA loading dye 

containing urea was added to stop the transcription reaction. The samples were resolved on a 

5 % denaturing PAGE gel and imaged on a phosphorimager. As a negative control, a mutated 

TATA box pEGFP-Bst_Tmut was used and little transcription was observed regardless of UV 

irradiation (Figure 2.27). Transcription of pEEGFP-Bst_T0 was detected in both irradiated 

and non-irradiated samples. Gratifyingly, the incorporation of the caging groups within the 

TATA box inhibited transcription as shown by the lack of a band. The addition of a single 

caging group pEEGFP-Bst_T1 reduced transcription, while the installment of a second caging 

group pEEGFP-Bst_T2 greatly inhibited transcription. Lastly, the incorporation of 3 caging 

groups pEEGFP-Bst_T3 completely inhibited transcription as shown by the lack of a band. 

Brief UV irradiation, restored transcription to the extent of the non-caged TATA box reaction 

T0.  Although the caging groups did not prevent the TBP from binding to the TATA box 

recognition site of the DNA, they do inhibit transcription of EGFP.  
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Figure 2.27.  In-vitro transcription reaction with caged plasmids. Caged plasmids were 
linearized and irradiated with UV light (365 nm, 25W, 2 min) or kept in the dark. 
Transcription was started by addition of a master mix including HeLa cell nuclear extracts 
(10 µg) and α-32P ATP and incubated at 30 °C for 1 h. Transcription reactions were stopped 
by addition of an urea containing RNA loading dye. The samples were separated by a 5 % 
denaturing PAGE gel and visualized on a Typhoon 7000 phosphorimager. 

 

2.3.5 Spatial Activation of Gene Expression 

One of the main advantages of using nucleobase caging technology to photoregulate gene 

expression is spatial and temporal control over biological activity. To this end, HEK 293T 

cells were co-transfected with pEGFP-Bst_T3 and pDsRed-N1. Following transfection, only 

a small area of cells was irradiated with UV light (365 nm, 2 min). The cells were imaged 

after a 48 h incubation. As shown in Figure 2.28, only GFP expression was detected within 

the white circle, while DsRed expression is observed in all cells, serving well as a 

transfection control. This demonstrates that the developed caged plasmids can be used to 

photochemically regulate plasmid function in a high spatial resolution – an advantage over 

the current technology. 
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Figure 2.28 . Spatial Activation of EGFP expression. HEK 293T cells were transfected with 
pEGF_Bst_T3 and pDsRed-N1-monomer. Cells within the white dashed line were irradiated 
(365 nm, 2 min). After 48 h incubation, the cells were imaged on a Zeiss microscope (10x 
objective, with tile function). 

 

2.3.6 Photochemical Activation of an Endogenous Gene 

In order to expand the applicability of the developed methodology, the photochemical control 

of an endogenous gene was investigated. Polo-like kinase 3 (Plk3) is a serine/threonine 

kinase that is essential for entry into mitosis, spindle formation, segregation of the 

chromosomes, and cytokinesis.120 Additionally, Plk3 is a tumor suppressor and therefore, the 

over expression of Plk3 induces cell cycle arrest, chromatin condensation, and apoptosis.121 

Since the ectopic expression of Plk3 leads to disruption of microtubule integrity, there is a 

radical change in morphology, namely cytokinesis defects and formation of binucleated and 

polynucleated cells.122 Due to its involvement in the cell cycle and the phenotypic change 

when Plk3 is over expressed, the photo-activation of Plk3 expression was investigated 

through the engineered caged plasmid.  To this end, Plk3 was fused to the C terminus of 

pEGFP-BstNB based on a literature reported plasmid.122 The pEGFP-Bst-Plk3 plasmid was 

then digested with Nt.BstNB and the caged TATA box DNA sequences were ligated into the 
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plasmids as previous stated (see Figure 2.21). The caged plasmids were assessed for function 

in mammalian cell culture. HeLa cells were transfected with the modified pEGFP-Bst-Plk3 

plasmids using FuGENE HD according to the manufacturer’s protocol. After transfection, 

the cells were either irradiated for 5 min (365 nm, 25 W) or kept in the dark, followed by 

incubation for 48 h. The cells were fixed and the actin filaments were stained with rhodamine 

phalloidin and the nucleus was counterstained with DAPI. As a negative control, pEGFP-

BstNB was used, and as expected, no phenotypic change was observed in the presence or 

absence of UV light (Figure 2.29A). The non-caged plasmid pEGFP-Bst-Plk2_T0 was used 

as a positive control and a significant change in phenotype was observed (Figure 2.29B), 

namely the formation of binucleated cells and a loss in cellular structure. As an additional 

negative control, a mutated TATA box plasmid pEGFP-Bst-Plk3_Tmut was used and in 

agreement with the previous in vitro transcription assay, no transcription of the plasmid gene, 

and thus, no EGFP expression was observed (Figure 2.29C). Moreover, no change in 

phenotype was shown in the absence or presence of UV light. The caged plasmid pEGFP-

Bst-Plk3_T3 showed low EGFP expression levels with little morphological change in cellular 

shape and structure, when the cells were kept in the dark (Figure 2.29D). After UV 

irradiation, the caging groups were removed and transcription of EGFP-Plk3 was activated, 

as shown by the increase in EGFP expression and the observation of binucleated cells. Thus, 

the over expression of an endogenous gene can be photochemically activated through the 

site-specific incorporation of NPOM-caged thymidine nucleotides within a transcription 

regulatory region, the TATA box.  
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Figure 2.29 . Light-induced over-expression of Plk3. HeLa cells were transfected with non-
caged and caged pEGFP-Bst-PLK3 plasmids. The cells were irradiated with UV light (365 
nm, 5 min, 25 W) and were incubated at 37 °C, 5 % CO2 for 48 h. The cells were fixed and 
stained with DAPI (blue) and rhodamine phalloidin (red) and imaged on a Zeiss microscope 
(63x oil objective). (A) pEGFP-BstNB (B) pEGFP-Bst-Plk3_T0 (C) pEGFP-Bst-Plk3_Tmut 
(D) pEGFP-Bst-Plk3_T3 
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In addition to the phenotypic change in the cell morphology, the over expression of 

Plk3 leads to apoptosis by inducing a caspase cascade, namely by activating caspase-3.122-124 

In addition to the observation of the phenotypic change in cells after exposure to UV light, 

the downstream activation of caspase-3 activity was also measured in response to the over 

expression of Plk3. HeLa cells were transfected with the non-caged or caged pEGFP-Bst-

Plk3 plasmid in an overnight experiment. The media was removed and the cells were either 

kept in the dark or irradiated with UV light (365 nm, 5 min). After a 48 hr incubation, the 

cells were lysed and 100 µg total protein was incubated with a fluorescent caspase-3 

substrate at 37 °C for 20 h. The fluorescence was measured on a plate reader (400nm/505 

nm). In the presence of a mutant TATA box pEGFP-Bst-Plk3_Tmut no activation of caspase-3 

was observed. Additionally, HeLa cells that were transfected with pEGFP-BstNB (as a 

negative control) showed the same fluorescence as the pEGFP-Bst-Plk3_Tmut therefore, we 

concluded that no activation of caspase-3 was measured in these cellular conditions (Figure 

2.30). The non-caged TATA box plasmid pEGFP-Bst-Plk3_T0 resulted in a 4-fold increase in 

fluorescence and thus, caspase-3 activity. In the absence of UV light, the caged plasmids 

(pEGFP-Bst-Plk3_T1, pEGFP-Bst-Plk3_T2, and pEGFP-Bst-Plk3_T3) are all inactive as no 

caspase-3 activity was observed. However, after UV irradiation, there was a linear increase in 

caspase-3 activity with the incorporation for 1, 2, or 3 caging groups. The caged plasmid 

pEGFP-Bst-Plk3_T1 had minimal activation after UV light. While the caged plasmid with 3 

caging groups, pEGFP-Bst-Plk3_T3, has the highest caspase-3 activity after exposure to UV 

light. This is in contrast to the previous pEGFP-BstNB activation (see Figure 2.24), in which 

all three caged plasmids had the same activity after UV irradiation.  



 

66 

 
Figure 2.30 . Light-induced activation of caspase-3. HeLa cells were transfected with non-
caged and caged pEGFP-Bst-PLK3 plasmids. The cells were irradiated with UV light (365 
nm, 5 min, 25 W) and were incubated at 37 °C, 5 % CO2 for 48 h. The cells were lysed and 
100 µg total protein was incubated with a fluorescent caspase-3 substrate (100 µM) at 37 °C 
for 20 h. The fluorescence was measured on a BioTek Syngery 4 microplate reader (400 
nm/505 nm). Standard deviations were calculated form three individual experiments. 

 

2.3.7 Conclusion 

In summary, we have engineered a system in which a plasmid can be regulated in high 

spatial and temporal resolution. Using standard molecular biology techniques, a caged 

plasmid can be constructed through the use of the restriction enzyme Nt.BstNB and a 

synthesized caged DNA strand. By installing the caged thymidine nucleobase within the 

TATA box region of the CMV promoter, transcription can be photochemically controlled 

with UV light. The activity of the caged plasmids were assessed using a reporter gene, EGFP, 

as well as the over expression of an endogenous gene, Plk3. Using the EGFP reporter 

plasmid, we were able to demonstrate that through photocaging the TATA box region, gene 
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expression can be regulated. Moreover, mechanistic studies were conducted to determine 

how the caging groups prevented transcription. Through gel shift studies, we were able to 

conclude that the caging groups do not prevent the TATA box binding protein (TBP) from 

binding to the TATA box region but instead, prevents the initiation of transcription. 

Additionally, spatial control was demonstrated over TATA box driven activation of a 

plasmid. For broader applicability, we were able to show that the engineered system could be 

used to regulate endogenous cellular systems by over expressing an endogenous gene, Plk3. 

The effect of Plk3 over expression was observed by a phenotypic change in cellular structure. 

Moreover, Plk3 over expression also leads to downstream activation of apoptosis through 

induction of caspase-3.  Therefore, caspase-3 activity was measured in response to the light-

activation of Plk3. Thus, the light-activation of Plk3 can also be used to photoregulate 

downstream cellular processes as well. The developed technology has broad applicability in 

the regulation of plasmid DNA in mammalian cell culture and is currently being tested in 

Drosophila. 
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2.4 Experimental 

2.4.1 Photochemical Control of DNA Decoy Function Enables Precise Regulation of NF-
κB Activity 
 

DNA synthesis protocol. DNA synthesis was performed using an Applied Biosystems 

(Foster City, CA) Model 394 automated DNA/RNA Synthesizer using standard β-cyanoethyl 

phosphoramidite chemistry. The caged DNA decoys were synthesized using 40 nmole scale, 

low volume solid phase supports obtained from Glen Research. Reagents for automated 

DNA synthesis were also obtained from Glen Research. Standard synthesis cycles provided 

by Applied Biosystems were used for all normal bases using 2 min coupling times. The 

coupling time was increased to 10 min for the positions at which the caged thymidine 

phosphoramidites61 were incorporated. Each synthesis cycle was monitored by following the 

release of dimethoxytrityl (DMT) cations after each deprotection step. No significant loss of 

DMT was noted following the addition of the caged-T to the DNA, thus 10 minutes was 

sufficient to allow maximal coupling of the caged thymidine. Yields of caged decoys were 

close to theoretical values routinely obtained. 

Melting temperatures. The melting temperature (Tm) of each NF-κB DNA decoy was 

measured using a Cary 100 Bio UV/Vis spectrometer with a temperature controller (Varian). 

NF-κB DNA Decoys (1 µM) were incubated in 0.15 M NaCl, 0.05 M NaH2PO4, pH 7.2 

buffer. The samples were protected from light or irradiated at 365 nm with a UV 

transilluminator for 10 min, heated to 100 °C for 2 min, and then cooled to 20 °C at a rate of 

2 °C/min, held at 20 °C for 5 min, then heated to 100 °C at a rate of 2 °C/min. Absorbance 

was recorded at 260 nm every 1 °C. The Tm was determined by the maximum of the first 
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derivative of the absorbance vs. temperature plot. Standard deviations were calculated from 

three individual experiments. 

Nuclear extract gel shift assay. NF-κB/SEAP Human embryonic kidney (HEK) 293 

cells were induced with TNFα (20 ng/mL) for 24 h then the nuclear extracts were isolated 

using the NE-PER Nuclear and Cytoplasmic Extraction kit (Pierce Biotechnology). The 

nuclear extract gel shift was performed as described previously with the following 

modification.63 Radiolabeled NF-κB Decoys (5,000 cpm) were incubated with 20 µg nuclear 

extracts at room temperature for 20 min. Samples were resolved on a 16% native PAGE gel 

and visualized on a Typhoon 7000 phosphorimager. 

Light activation of DNA decoys. NF-κB/SEAP HEK 293 cells were grown at 37 °C 

and 5% CO2 in Dulbecco’s modified Eagle’s medium (Hyclone), supplemented with 10% 

fetal bovine serum (Hyclone), 10% streptomycin/penicillin (MP Biomedicals), 1 mM sodium 

pyruvate (Alfa Aesar), and 500 µg/mL G418 (Sigma Aldrich). Cells were passaged into a 96-

well plate (200 µL per well, ~104 cells per well) and grown to ~70% confluence within 24 h. 

The medium was changed to Optimem (Invitrogen), and the cells were transfected with 150 

ng DNA decoy using X-tremeGENE (3:2 reagent/DNA ratio, Roche). All transfections were 

performed in triplicate. Cells were incubated at 37 °C for 4 h, and the transfection medium 

was removed, replaced with standard growth medium, and NF-κB expression was induced 

with TNFα (20 ng/mL). After a 24 hr incubation, gene expression was assayed using the 

Phospha Light systems assay (Applied Biosystems) according to the manufacturers protocol. 

A Cell Titer Glo viability assay (Promega) was performed and the Phospha Light assay was 
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normalized to the cell viability assay. For each of the triplicates, the data were averaged and 

standard deviations were calculated. 

Temporal control of DNA decoy activation. NF-κB/SEAP HEK 293 cells were 

passaged into a 96-well plate (200 µL per well, ~104 cells per well) and grown to ~ 70 % 

confluence within 24 h. The medium was changed to Optimem (Invitrogen), and the cells 

were transfected with 150 ng DNA decoy using X-tremeGENE (3:2 reagent/DNA ratio, 

Roche). All transfections were performed in triplicate. Cells were incubated at 37 °C for 4 h, 

and the transfection medium was removed, replaced with standard growth medium, and NF-

κB expression was induced with TNFα (20 ng/mL). After 1, 8, 12, 24, 36, and 48 h of 

induction with TNFα, media samples (10 µL) were taken and stored at 4 °C. At 12 h post 

induction, cells were irradiated for 2 min at 365 nm on a UV transilluminator. After 48 h, the 

medium was assayed using the Phospha Light systems assay (Applied Biosystems) according 

to the manufacturers protocol. A Cell Titer Glo viability assay (Promega) was performed and 

the Phospha Light assay was normalized to the cell viability assay. For each of the triplicates, 

the data were averaged, and standard deviations were calculated. 

2.4.2 Regulation of Transcription through Light-Activation and Light-Deactivation of 
Triplex-Forming Oligonucleotides in Mammalian Cells 

DNA synthesis protocol. DNA synthesis was performed using an Applied Biosystems 

Model 394 automated DNA/RNA synthesizer and standard β-cyanoethyl phosphoramidite 

chemistry. The caged hairpin triplex-forming oligonucleotide was synthesized on a 40 nmol 

scale, with a low volume solid-phase support obtained from Glen Research. Standard 
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synthesis cycles provided by Applied Biosystems were used for all normal bases using 2 min 

coupling times. The coupling time was increased to 10 min for the positions at which the 

caged deoxythymidine modified phosphoramidites were incorporated. The caged dumbbell 

triplex-forming oligonucleotides were synthesized using the 0.2 µM scale with 1000 Å solid 

phase supports obtained from Glen Research. Reagents for automated DNA synthesis were 

also obtained from Glen Research. The NPE-caged deoxycytidine phosphoramidite was 

resuspended in anhydrous acetonitrile to a concentration of 0.1 M. Standard synthesis cycles 

provided by Applied Biosystems with 25 sec coupling times were used for all bases. 

Gel shift assays . Gel shift assays were performed as previously described.94 In short, 

cyclin D1 target sense strand was 5′ radiolabeled with 32P-γ ATP (MP Biomedicals) and 

annealed to its complementary strand. 5-fold excess of TFO (500 nM) was incubated with the 

radiolabeled duplex (100 nM) in TBM (89 mM Tris, 89 mM boric acid, 10 mM MgCl2, pH 

7.4) buffer at 37 °C for 4 h. Aliquots were kept in the dark or irradiated for 2 min (CHP-

TFO-1) or 5 min (CBD-TFOs) using a transilluminator (365 nm, 25 W). After irradiation, the 

TFO/dsDNA target mixtures were incubated for 30 min at 30 °C and analyzed on a 16% 

TBM gel and imaged with a Typhoon FLA 7000. 

TFO inhibition of gene expression in mammalian cells.  Human embryonic kidney 

(HEK) 293T cells were grown at 37 °C, 5% CO2 in Dulbecco’s modified Eagle’s medium 

(Hyclone), supplemented with 10% Fetal Bovine serum (Hyclone) and 10% 

streptomycin/penicillin (MP Biomedicals). Cells were passaged into a 96-well plate (200 µL 

per well, ~ 1 x 104 cells per well) and grown to ~ 70% confluence within 24 h. The medium 
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was changed to Optimem (Invitrogen), and the cells were co-transfected with pCyclin D1 Δ-

944 (0.15 µg, gift from Dr. Linda Schuler, University of Wisconsin, Madison), pRL-TK 

(0.15 µg, Promega), and TFO DNA (0.5 µM) using X-tremeGENE (3:2 reagent/DNA ratio, 

Roche). All transfections were performed in triplicate. Cells were incubated at 37 °C for 4 h, 

and the transfection medium was removed, replaced with standard growth medium, and the 

cells were incubated for an additional 24 h. After the 24 h incubation, the medium was 

removed, and the cells were assayed with a Dual-Luciferase Reporter Assay system 

(Promega) using a BioTek Synergy 4 microplate reader. The firefly luciferase signal was 

normalized to the Renilla luciferase signal for each of the triplicates, the data was averaged, 

and standard deviations were calculated. 

Light regulation of TFOs . HEK 293T cells were passaged into a 96-well plate (200 µL 

per well, ~ 1 x 104 cells per well) and grown to ~ 70% confluence within 24 h. The medium 

was changed to Optimem, and the cells were co-transfected with pCyclin D1 Δ-944 (0.15 

µg), pRL-TK (0.15 µg, Promega), and TFO DNA (0.5 µM) using X-tremeGENE. All 

transfections were performed in triplicate. Cells were incubated at 37 °C for 4 h, and the 

transfection medium was removed. Selected wells were briefly irradiated with a 

transilluminator (365 nm, 25 W) for 2 min (CHP-TFO-1) or 5 min (CBD-TFOs). The 

medium was then replaced with standard growth medium, and the cells were incubated for an 

additional 24 h. After the 24 h incubation, the medium was removed, and the cells were 

assayed with a Dual-Luciferase Reporter Assay system using a BioTek Synergy 4 microplate 

reader. Firefly luciferase signal was normalized the Renilla luciferase signal for each of the 
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triplicates, the data was averaged, and standard deviations were calculated.  

Quantitative RT-PCR. MDA-MB-231 cells were passaged into 6-well plates (2 mL per 

well, ~ 2 x 105 cells per well) and grown to ~70% confluence within 24 h. The medium was 

changed to Optimem (Invitrogen), and the cells were transfected with 0.5 µM TFOs using X-

tremeGENE transfection reagent (3:2 reagent/RNA ratio, Roche). Cells were incubated at 37 

°C for 4 h, the transfection medium was removed, and 1 mL PBS (pH 7.4) was added. The 

cells were irradiated for 5 min on a UV transilluminator (365 nm, 25W). DMEM media was 

added, the cells were incubated at 37 °C, 5% CO2 for 48 h. RNA was isolated with TRIZOL 

reagent (Invitrogen). cDNAs were synthesized with Superscript Reverse Transcriptase II 

(Invitrogen) and quantitative RT PCRs were performed with cyclin D1 forward primer 5′ 

CCTGTCCTACTACCGCCTCA, cyclin D1 reverse primer 5′ 

CAGTCCGGGTCACACTTGA,125  GAPDH forward primer 5′ 

TGCACCACCAACTGCTTAGC,  and GAPDH reverse primer 5′ 

GGCATGGACTGTGGTCATGAG. The threshold cycles (Ct) of each sample were 

normalized to the GAPDH housekeeping gene, and relative to untreated cells. For each of the 

triplicates, the data were averaged, and standard deviations were calculated. 

2.4.3 Regulation of Plasmid Activity through a Photocaged Promoter 

Construction of the caged plasmids.  Nt.Bst.NB restriction sites (GAGTC) were 

cloned into the pEGFP-N1 plasmid through PCR amplication and blunt ligation. Forward 

Primer: 5′ TATATAAGACCGAGTCCCGTCGTCAGATCCGC. Reverse Primer: 5′ 

AGCAGAGCTGGTTTAACGCGACTCGCCCAACCGC. The Nt.BstNB restriction sites 
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were cloned into the plasmid 19 nucleotides upstream of the TATA box and immediately 

downstream of the TATA box. The created plasmid, pEGFP-BstNB (5 µg), was digested 

with Nt.BstNB (New England Biolabs) at 55 °C for 2 h (New England Biolabs Buffer 3, 100 

µL). The enzyme was heat inactivated at 80 °C for 20 min. The reverse complement (5 µL of 

a 100 µM solution) to the 34 bp DNA fragment was added to the digestion reaction and the 

mixture was heated to 80 °C for 5 min and slowly cooled to RT. The digested plasmid was 

gel purified (0.8% agarose gel). The non-caged or caged TATA box sequence (T0 – T3) was 

5′ phosphorylated with polynucleic acid kinase (New England Biolabs) according to the 

manufacturer’s protocol and was ligated into the purified plasmid using Quick ligase (New 

England Biolabs) according to the manufacturer’s protocol. The ligated product was gel 

purified and quantified with a nanodrop spectrometer (concentration ranged from 100 ng/µL 

– 170 ng/µL) and directly used for transfection into mammalian cells.   

DNA synthesis protocol. DNA synthesis was performed using an Applied Biosystems 

(Foster City, CA) Model 394 automated DNA/RNA Synthesizer using standard β-cyanoethyl 

phosphoramidite chemistry. The caged DNA decoys were synthesized using 40 nmol scale, 

low volume solid phase supports obtained from Glen Research. Reagents for automated 

DNA synthesis were also obtained from Glen Research. Standard synthesis cycles provided 

by Applied Biosystems were used for all normal bases using 2 min coupling times. The 

coupling time was increased to 10 min for the positions at which the caged thymidine 

phosphoramidites61 were incorporated. Each synthesis cycle was monitored by following the 

release of dimethoxytrityl (DMT) cations after each deprotection step. No significant loss of 
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DMT was noted following the addition of the caged-T to the DNA, thus 10 min was 

sufficient to allow maximal coupling of the caged thymidine. Yields of caged DNA 

oligomers were close to theoretical values routinely obtained. 

Melting temperatures. The melting temperature (Tm) of each TATA box duplex was 

measured using a CFX96 Touch Real Time PCR Detection System (Bio-Rad). TATA box 

DNA duplexes (5 µM) were incubated in 0.15 M NaCl, 0.05 M NaH2PO4, pH 7.2 buffer. The 

samples were protected from light or irradiated at 365 nm with a UV transilluminator for 5 

min. The samples were heated to 95 °C for 2 min, and slowly cooled to RT in the presence of 

SYBR green. The samples were heated from 20 °C to 95 °C, at a rate of 1 °C/min, with a 

dwell time of 10 sec and the fluorescence measured every 0.2 °C. The Tm was determined by 

the maximum of the first derivative of the fluorescence vs. temperature plot. Standard 

deviations were calculated from three individual experiments. 

Light-activation of EGFP expression. Human embryonic kidney (HEK) 293T cells 

were grown at 37 °C, 5% CO2 in Dulbecco’s modified Eagle’s medium (Hyclone), 

supplemented with 10% Fetal Bovine serum (Hyclone) and 10% streptomycin/penicillin (MP 

Biomedicals). Cells were passaged into a 96-well plate (200 µL per well, ~ 1 x 104 cells per 

well) and grown to ~70% confluence within 24 h. The media was replaced with DMEM 

without antibtiotics, and the cells were transfected with pEGFP-BstNB (150 ng/well) and 

pDsRed-N1 monomer (300 ng/well) using branched polyethylene imine (bPEI, 0.5 µL/well) 

in an overnight experiment. The following morning, the cells were either irradiated for 5 min 

(365 nm, 25 W) or kept in the dark, followed by incubation for 48 h at 37 °C, 5% CO2. The 
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cells were imaged on a Zeiss Axio Observer inverted microscope (5x magnification objective 

filter sets 43 HE DsRed and 38 HE eGFP). 

Flow cytometry analysis. HEK 293T cells were grown at 37 °C, 5% CO2 in DMEM. 

Cells were passaged into 24-well plates (1 mL per well, ~ 4 x 104 cells per well) and grown 

to ~ 70% confluence within 24 h. The media was replaced with DMEM without antibiotics, 

and the cells were transfected with pEGFP-BstNB (750 ng/well) and pDsRed-N1 monomer 

(1500 ng/well) using branched polyethylene imine (bPEI, 0.5 µL/well) in an overnight 

experiment. The following morning, the cells were either irradiated for 5 min (365 nm, 25 

W) or kept in the dark, followed by incubation for 48 h at 37 °C, 5% CO2. The cells were 

trypinized and resuspended in DMEM media. A total of 20,000 cells/events were gated by 

flow cytometry. Analysis was performed on a FACSCalibur (Becton-Dickinson) instrument, 

using a 488 nm excitation laser with a 530 nm band pass filter (GFP) and a 633 nm excitation 

argon laser and 671 nm band pass filter (DsRed). Fluorescence was analyzed using the 

Cellquest Pro Software. For each of the triplicates, the data were averaged, and standard 

deviations were calculated. 

Spatial activation of gene expression. HEK 293T cells were passaged into a 24 well 

plate and grown to 70% confluency in 24 h. Cells were transfected with pEGFP-BstNB (500 

ng), pDsRed-monomer (1000 ng) using bPEI (10 µL/well) in an overnight experiment. The 

media was removed and PBS was added and the cells were irradiated for 2 min on a Zeiss 

Axio Observer (DAPI filter (365 nm), 5x objective, shutter almost entirely closed). DMEM 

was added and the cells incubated at 37 °C, 5% CO2 for 48 h. The cells were imaged on Zeiss 
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Axio Observer inverted microscope (5x magnification objective, filter sets 43 HE DsRed and 

38 HE eGFP) using the tile function. 

Nuclear extract gel shift assay.  Nuclear extracts was isolated from HEK 293T cells 

using NE-PER Nuclear and Cytoplasm Isolation kit (Pierce). Radiolabeled caged TATA box 

duplexes were quantified by counting the counts per min on a liquid scintillation counter 

(TriCarb 2500TR). Nuclear extracts (30 µg) were incubated with radiolabeled DNA duplexes 

(20,000 cpm DNA) in buffer containing 10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM 

EDTA, 1 mM DTT, and 10% glycerol. The samples were kept in the dark or irradiated for 2 

min using a UV transilluminator (365 nm) and incubated at room temperature for 20 min, 

then resolved on a 16 % native PAGE gel. The gel was imaged using a Typhoon 7000 FLA 

phosphorimager.  

TATA box gel shift assay.  Radiolabeled caged TATA box duplexes were quantified by 

counting the counts per min on a liquid scintillation counter (TriCarb 2500TR). TATA box 

binding protein (TBP, 50 ng, Sigma Aldrich) was incubated with radiolabeled DNA duplexes 

(5,000 cpm DNA) in buffer containing 20 mM HEPES, pH 8, 60 mM KCl, 5 mM MgCl2, 

0.1% nonidet P-40, 5 mM DTT, 0.1 mg/mL BSA, 1 µg/mL salmon sperm DNA, 10% 

glycerol. The samples were kept in the dark or irradiated for 2 min using a UV 

transilluminator (365 nm) and incubated at room temperature for 1 hr, then resolved on a 16 

% native PAGE gel. The gel was imaged using a Typhoon 7000 FLA phosphorimager.  

TATA box in vitro gel shift assay. The caged plasmids were linearized by digesting 

them with NotI (New England Biolabs) for 1 h at 37 °C and heat inactivated at 65 °C for 20 
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min. Nuclear extractions were isolated with the NE-PER Nuclear and Cytoplasm Isolation kit 

(Pierce). The DNA template (100 ng) was incubated with 10 µg HeLa cell nuclear extract, 3 

mM MgCl2, rNTPs (10 mM), α-32P-ATP (1 µL) in HeLa cell transcription buffer (20 mM 

HEPES, pH 7.9, 100 mM KCl, 0.2 mM EDTA, 0.5 mM DTT, and 20% glycerol). The 

samples were kept in the dark or irradiated for 2 min using a UV transilluminator (365 nm) 

and incubated at 30 °C for 1 h, then resolved on a 5% native PAGE gel. The gel was imaged 

using a Typhoon 7000 FLA phosphorimager. 

PLK3 phenotypic cell assay.  The PLK3 gene was fused to the C terminus of EGFP in 

pEGFP-Bst to form the pEGFP-Bst-PLK3 plasmid. The pEGFP-Bst-Plk3 plasmid was 

constructed by amplifying Plk3 from a Drosophila Plk3 cDNA (ATCC) with a Forward 

primer: 5′ CGTAAGCAATTGGACTTCTTTACC and Reverse Primer: 5′ 

CCTACGACTAGTCTAGGCTGGGCT. The pEGFP-BstNB plasmid was amplifed with the 

following forward primer: 5′ GGAACTAGTCAGCGGCCGCGACTCT and reverse primer: 

5′ CCTACGCAATTGCTTGTACAGCTCGTC. Both PCR products were digested with SpeI 

and MfeI and ligated together with Quick ligase (New England Biolabs). The constructed 

plasmid pEGFP-Bst-Plk3 was confirmed by sequencing using the following sequencing 

primer: 5′ CTGCTGCCCGACAACCAC. The caged pEGFP-Bst-Plk3 plasmid was 

constructed using the same protocol as previously described above. HeLa cells were 

passaged into 4 well chamber slides and grown to 70% confluency. The cells were 

transfected with non-caged and caged pEGFP-Bst-PLK3 plasmids using linear polyethylene 

imine (LPEI) in an overnight experiment. The cells were irradiated with UV transilluminator  
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(365 nm, 5 min, 25 W)  and were incubated at 37 °C, 5 % CO2 for 48 h. The cells were fixed 

and stained with DAPI (blue) and rhodamine phalloidin (red) and imaged on a Zeiss Axio 

Observer inverted microscope (63x magnification objective, filter sets 43 HE DsRed and 38 

HE eGFP). 

PLK3 Caspase 3 activity assay. HeLa cells were passaged into 24 well plates and 

grown to 70% confluency. The cells were transfected with non-caged and caged pEGFP-Bst-

PLK3 plasmids using LPEI in an overnight experiment. The cells were irradiated with UV 

light (365 nm, 5 min, 25 W UV transilluminator) and were incubated at 37 °C, 5% CO2 for 

48 h. The cells were lysed with Mammalian Cell Culture Protein Extraction buffer (GE 

Healthcare). Total protein was quantified with a nanodrop spectrometer. HeLa cell protein 

extract (100 µg) was incubated with 50 µM Caspase-3 substrate (Ac-DEVD-AFC, 

Calbiochem) in activity buffer (50mM HEPES, 150 mM NaCl, 50 mM MgCl2, 250 µM 

EDTA, 10% sucrose, 0.1% CHAPS, pH 7.2) at 37 °C for 20 h. The fluorescence was 

measured on a BioTek Synergy 4 plate reader (400/505 nm). 
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CHAPTER 3: LIGHT-REGULATION OF TRANSLATION 

3.1 Introduction to the Regulation of Translation 

At the molecular level, all biological processes are tightly regulated in space and time, in 

both single cells and multicellular organisms. The activity of genes, proteins, and biological 

molecules is controlled with high precision by a variety of endogenous processes. Arguably, 

this is most evident in early embryogenesis, where the misregulation of a gene can cause 

severe congenital defects and/or embryonal lethality. Therefore, to study complex biological 

processes involved in embryogenesis, it is essential to have the ability to control gene 

function in high spatial and temporal control that is found in nature. Light represents an ideal 

external control element, as it is easily regulated in timing, location, and amplitude; thus, 

light can enable the precise activation and deactivation of gene function4, 5, 7-11, 15, 126, 127 

One established research tool used to control gene expression is antisense 

oligonucleotides (ASOs). In eukaryotic organisms, DNA is transcribed into mRNA and is 

transported out of the nucleus into the cytoplasm, where the mRNA is translated into protein. 

ASOs are short oligonucleotides that bind to a targeted mRNA sequence of the gene of 

interest by Watson–Crick base pairing.128, 129 Once bound, the DNA:RNA hybrid either 

recruits RNase H to bind and cleave the mRNA (Figure 3.1A) or sterically blocks the 

ribosome from translating the mRNA (Figure 3.1B). 
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Figure 3.1 . Mechanism of gene regulation by antisense agents. DNA is transcribed into 
mRNA and then translated into protein. Antisense agents bind to the mRNA and either (A) 
recruit RNase H, which binds to the DNA:RNA duplex and cleaves the mRNA, or (B) 
sterically block the ribosome from binding to the mRNA, thereby inhibiting gene expression. 
Adapted from Govan and Deiters.130 

 

Various modifications have been developed to improve the stability of ASOs, 

including phosphorothioate linkages (PS), locked nucleic acids (LNA), peptide nucleic acids 

(PNAs), and morpholinos (MO). Several methods have also been developed to facilitate 

oligonucleotide uptake and delivery in mammalian cells and model organisms. For example, 

it has been shown that oligonucleotides can be conjugated to various biomolecules, including 

cholesterol,131 polyethylene glycol,132 antibodies,133 nanoparticles,134 and dendrimers135 in 

order to overcome delivery and localization limitations in mammalian cells. One of the first 

generation ASOs was PS DNA in which an oxygen atom is replaced with a sulfur atom on 

the phosphate backbone (Figure 3.2). This modification provides a fast and cost-effective 

way to stabilize DNA but at high concentrations can be toxic to cells and cause off-target 
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effects.136, 137 The next generation of ASOs includes LNAs, PNAs, and MOs. PNAs contain a 

peptide backbone instead of the sugar phosphate backbone and thus are not substrates for 

nuclease degradation but are able to still bind to their complementary DNA sequence through 

Watson–Crick base pairing.137 MO antisense agents contain a morpholino ring and a 

phosphorodiamidate backbone (Figure 3.2). Due to the phosphorodiamidate linkage, the 

oligonucleotide is stable in the presence of nucleases and exhibits enhanced binding affinity 

to RNA. Because of the lack of off-targeting effects and an improved pharmacokinetic 

profile, MOs have been extensively used in animal studies.138 

 

 
Figure 3.2 . Structure of antisense agents including DNA, phosphorothioate ASO (PS 
ASO), peptide nucleic acid (PNA), and morpholino (MO). Base = thymine, adenine, 
cytosine, or guanine. 
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3.2 Stabilization and Photoregulation of Antisense Agents through PEGylation 

3.2.1 Introduction 

Antisense oligonucleotides are extensively used in cell and developmental biology to inhibit 

gene expression. In vivo, non-modified deoxyribonucleic acids are quickly degraded, mainly 

by 3′ exonucleases,106 limiting the applicability of unmodified DNA as antisense agents. For 

the past two decades, modifications have been made to oligonucleotides in order to improve 

the pharmacokinetic and physicochemical properties. As mentioned above, various 

modifications to the phosphate backbone and the ribose have been developed to improve the 

stability and half-life of oligomers, including 3′-3′ inverted thymidines,139 phosphorothioate 

linkages,140 locked nucleic acids (LNA),141 and 2′-O-methyl groups.142 

PEGylation, the covalent attachment of a polyethylene glycol polymer, enhances the 

pharmacokinetic properties of both oligonucleotides143 and proteins144-146 by shielding them 

from nucleases and proteases thus increasing their stability. Studies have also shown that 

PEGylation enhances the absorption, bioavailability, and biodistribution of biological 

macromolecules while reducing toxicity and immunological effects.143 In addition, 

PEGylated triplex forming oligonucleotides and siRNAs have shown to be more efficiently 

taken up by cells, and have displayed improved stability.147, 148 

We hypothesized that the combination of oligonucleotide PEGylation in conjunction 

with a light-cleavable linker group would enable photochemical control over antisense agent 

stability and activity. As mentioned previously, light represents an ideal external control 

element for the study of gene expression and protein function with high spatial and temporal 
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resolution.5, 8, 9, 127 Here, we propose that a Photo-PEGylated antisense agent will inhibit gene 

expression (Scheme 3.1A) until irradiation with non-damaging UV light removes the PEG 

group, leading to intracellular degradation of the oligonucleotide and subsequent activation 

of gene expression (Scheme 3.1B). Advantages of this approach compared to existing 

methods of photochemical regulation of antisense function are that a) it can be easily applied 

to standard, commercially available DNA, b) it stabilizes the DNA under physiological 

conditions, and c) it enables the light-deactivation of antisense function and thus activation of 

gene expression. 

 

 
 

Scheme 3.1. Photoregulation of antisense activity with light-removable PEG groups. (A) 
A PEGylated antisense agent binds to the mRNA target sequence, which recruits RNase H to 
the mRNA:DNA duplex leading to the degradation of the mRNA and thus gene silencing. 
(B) A PhotoPEG-antisense is cleaved upon UV irradiation, leaving the DNA-based antisense 
agent susceptible to degradation by exonucleases, thereby allowing the translation of the 
mRNA and gene expression. Adapted from Govan et al.149 

 

3.2.2 Synthesis of PEGylated Antisense Agents 

First, the PEGylated DNA was synthesized through the acylation of 3′ amino-modified 

oligonucleotides with N-hydroxysuccinimide-activated polyethylene glycols of 5 kDa, 20 

kDa or 40 kDa (Scheme 3.2A). A DNA sequence targeting the DsRed gene was selected for 
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subsequent cell-based reporter assays57, 103 Several methods were tested in order to purify the 

PEGylated antisense agent. Molecular weight centricon spin columns and other spin columns 

were not able to separate the 10,000 Da DNA from the 15,000-50,000 Da PEGylated 

product. Another purification attempt involved a gel purification using a crush and soak 

method150 to extract the PEGylated DNA from the gel pieces but again, this was 

unsuccessful. Attempts to use reverse phase HPLC to isolate the PEGylated DNA also did 

not produce a substanial amount of PEGylated DNA. Finally, the PEGylated antisense agents 

were purified through gel electro-elution (Scheme 3.2C).151 The DNA antisense agent was 5′ 

radiolabeled and then reacted with the N-hydroxysuccinimide-activated PEG groups as 

shown in Scheme 3.2. The PEGylated DNA reaction was gel purified and the gel pieces were 

electro-eluted from the gel by placing the gel fragments into a low molecular weight cut-off 

dialysis bag. The dialysis bag was then placed into the inner chamber of a gel box and an 

electric current was applied. This extracted the PEGylated DNA from the gel but it remained 

within the dialysis bag. The content of the dialysis bag was collected and concentrated with a 

centricon column (Millipore) to remove excess buffer. The PEGylated DNA was quantified 

by using a standard curve on a 20% denaturing PAGE gel, through scanning on a Typhoon 

FLA 7000 phosphorimager and measuring the band intensities using ImageQuantTL. 
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Scheme 3.2. PEGylation of 3′ amino-modified DNA (A) PEGylation reaction of 3′ amino-
modified DNA with N-hydroxysuccinimide PEG. (B) PEGylation and decaging of DsRed 
targeting antisense DNA with the PhotoPEG reagent. (C) Representative PAGE analysis of 
purified, PEGylated DNA. Lane 1: non-modified antisense agent (AA); Lane 2. 5 kDa 
PEGylated antisense agent (AA-5 kDa PEG); Lane 3. 20 kDa photocleavable PEGylated 
antisense agent (AA-5K PhotoPEG). Adapted from Govan et al.149 

 

3.2.3 Stability of PEGylated Antisense Agents 

In order to validate that the PEG group will stabilize the non-modified DNA against 

nucleases, the 3′ PEGylated oligonucleotides were incubated in DMEM growth media (10% 

FBS) for up to 24 h, with aliquots taken 0, 0.5, 1, 2, 4, 8, or 24 h after addition of DMEM 
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media.152 The samples were resolved on denaturing PAGE gels (5, 15 or 20%) and the band 

intensities were quantified and plotted against time (Figure 3.3E). For normalization 

purposes, the zero time point was set to 100% DNA. In the absence of a PEG group, the 

DNA is stable in DMEM media for 2 h with complete degradation of the DNA within 4 h 

(Figure 3.3A). Upon conjugation of the 5 kDa PEG group to the deoxyoligonucleotide, the 

duration of stability increased from 4 h to 24 h with 40% of the DNA remaining after 24 h 

(Figure 3.3B). The 20 kDa PEG and the 40 kDa PEGylated oligonucleotides displayed 

similar trends with stabilizing DNA for a minimum of 24 h, with 50% and 70% DNA 

remaining for AA-20K PEG and AA-40K PEG, respectively (Figure 3.3C and 3.3D). 
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Figure 3.3. Stabilization of 3′ PEGylated DNA in DMEM media. Non-modified DNA and 
PEGylated DNA were incubated in DMEM (10% FBS) at 37 °C for up to 24 h. The assay 
was stopped by the addition of denaturing loading dye and stored at –80 °C. Samples were 
analyzed via a 20% (DNA & 5K PEG), 15% (20K PEG) or 5% (40K PEG) denaturing PAGE 
gels. Band intensities were quantified using ImageQuantTL and the percent DNA remaining 
was plotted against time. The standard deviation is reflective of three independent 
experiments. Adapted from Govan et al.149 

 

In a similar manner, the stability of the PEGylated oligonucleotides was also tested in 

the presence of exonuclease I.106 Exonuclease I is a 3′ exonuclease that degrades single 

stranded DNA. Since the cellular environment contains many 3′ exonucleases,106 this is an 

appropriate enzyme that can closely mimic physiological conditions. The 3′ PEGylated 

oligonucleotides were incubated with Exonuclease I for up to 60 min, with aliquots taken at 
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0, 1, 2, 5, 15, 30, or 60 min after enzyme addition. The samples were resolved on denaturing 

PAGE gels (5, 15 or 20%) and the band intensities were quantified and plotted against time 

(Figure 3.4E). For normalization purposes, the zero time point was set to 100% DNA 

remaining. Within 2 min of enzyme addition, the non-PEGylated DNA was completely 

degraded (Figure 3.4A). A 15-, 30-, and 60-fold increased stability was found for DNA 

PEGylated with 5, 20, and 40 kDa PEG reagents, respectively (Figure 3.4B, 3.4C, and 3.4D). 

Thus, increasing the size of the bioconjugated PEG from 5 kDa to 40 kDa increases the 

stability of the oligonucleotide in both DMEM media and in the presence of an exonuclease. 
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Figure 3.4.   3′ PEGylation of DNA protects against Exonuclease I. Radiolabeled 
PEGylated DNA was incubated in exonuclease I (5U) at 37 °C for up to 1 h. Samples were 
heat inactivated at 80 °C for 20 min then analyzed on a 20% (DNA & 5K PEG), 15% (20K 
PEG) or 5% (40K PEG) denaturing PAGE gels. Band intensities were quantified using 
ImageQuantTL and the percent of DNA remaining was plotted against time. The standard 
deviation is reflective of three independent experiments. Adapted from Govan et al.149 

 

3.2.4 Hybridization Studies of PEGylated DNA 

Melt curves of the PEGylated antisense agents were measured in the presence of the target 

mRNA to ensure that the PEG groups do not affect DNA:RNA hybridization. The non-

PEGylated antisense agent had a Tm of 69 °C (Table 3.1). The conjugation of the 5 kDa PEG 

to the DNA antisense agent did not interfere with DNA:RNA hybridization as the Tm slightly 
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decreased by 6 °C when compared to the non-PEGylated DNA. With an increasing PEG size 

to 20 kDa and 40 kDa, the Tm decreased by 13 °C and 19 °C, respectively, but hybridization 

was still detected (Figure 3.5). Therefore, all PEGylated deoxyoligonucleotides undergo 

DNA:RNA hybridization and thus have potential to function as antisense agents in vivo. The 

attachment of a smaller PEG group (5 kDa) had a less pronounced effect on melting point 

depression than larger PEG groups (20 kDa or 40 kDa). 

 

Table 3.1.  Sequences and melting temperatures of PEGylated DsRed antisense agents. 
Standard deviations were derived from Tm measurements in triplicate. DsRed mRNA target: 
5′ GCAGGAGGCCUCCUCCGAGAACGUCAUCACCGAGUUCAUCAAGGU 3′. 
Adapted from Govan et al.149 
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Figure 3.5 . Melt curves of PEGylated DNA antisense agents with corresponding DsRed 
mRNA. PEGylated DNA and DsRed mRNA (0.5 µM) were incubated in sodium phosphate 
buffer (150 mM NaCl, 50 mM NaH2PO4, pH 7.4). Error bars represent standard deviations 
from three independent experiments. Adapted from Govan et al.149 
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3.2.5 Ceullar Activity of PEGylated Antisense Agents 

Since the PEG groups do not affect DNA:RNA hybridization in vitro, the activity of the 

PEGylated DsRed antisense agents was determined in cell culture. Human embryonic kidney 

(HEK) 293T cells were co-transfected with pEGFP-N1, pDsRed-monomer and the 

PEGylated antisense agents. The PEGylated antisense agents target the DsRed fluorescent 

protein while the enhanced green fluorescent protein (EGFP) severed as a transfection 

control; therefore, DsRed fluorescence was normalized to EGFP fluorescence. The non-

modified antisense agent (AA) showed no knockdown of DsRed expression (Figure 3.6A), 

presumably due to a rapid intracellular degradation of the deoxyoligonucleotide (as discussed 

above). As a positive control, a hairpin loop-protected DsRed antisense agent that has 

previously been shown to successfully inhibit DsRed expression was used.57,103 This hairpin 

antisense agent (AA-HP) produced a 74% inhibition of DsRed expression (Figure 3.6B). 

Gratifyingly, all PEGylated antisense agents (AA-5K, -20K, and -40K) achieved similar 

levels of DsRed suppression (58-68%). Since the knockdown is not statistically different (p ≥ 

0.15), it can be concluded that even small PEG groups of 5-20K are sufficient for the 

protection of small deoxyoligonucleotides. Thus, the ability of non-modified, PEGylated 

DNA to act as a translational-silencing antisense agent in tissue culture was demonstrated for 

the first time. 
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Figure 3.6. Inhibition of DsRed expression by PEGylated antisense agents. HEK 293T cells 
were transfected with pEGFP-N1, pDsRed-Monomer and antisense agent (25 pmol). (A) 
After a 48 h incubation, the media was removed and the cells were imaged. The DsRed 
channel is shown above the EGFP channel. (B) Cells were subsequently lysed and the 
fluorescence was measured on a BioTek plate reader. DsRed (557/585 nm) fluorescence was 
normalized to EGFP (485/507 nm) fluorescence. Error bars represent standard deviations 
from three independent experiments. AA, non-modified antisense agent; AA-HP, hairpin 
antisense agent; AA-5K, 5 kDa PEGylated antisense agent; AA-20 kDa, 20 kDa PEGylated 
antisense agent; AA-40 kDa PEGylated antisense agent. Adapted from Govan et al.149 

 

3.2.6 PEGylated Antisense Agents act Through an RNase H-Mediated Mechanism  

Antisense agents can inhibit gene function via two pathways: a) the antisense agent can 

sterically block the translation of the mRNA or b) the mRNA:DNA duplex can recruit RNase 

H to bind to the duplex and degrade the mRNA.136 In order to determine by which 
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mechanism the PEGylated antisense agent inhibits gene expression, an RNase H assay was 

performed. The DsRed mRNA target in the absence of antisense DNA was not affected by 

the addition of RNase H (Figure 3.7, Lanes 1-2). Non-modified DsRed AA was incubated 

with its complementary mRNA sequence in the presence and absence of RNase H. As 

expected, only upon addition of RNase H was the mRNA degraded (Figure 3.7, Lanes 3-4). 

The same result was obtained for the PEGylated AA-5K DNA and RNase H (Figure 3.7, 

Lanes 5-6), indicating that the presence of the PEG group has no effect on the recruitment of 

RNase H. Thus, the PEGylated antisense oligonucleotide most likely inhibits gene expression 

intracellularly through RNase H-mediated degradation of mRNA. 

 

 
Figure 3.7.   PEGylated antisense agents induce RNA degradation through an RNase H 
mediated mechanism. AA and AA-5K PEG (10 nM) were incubated with a radiolabeled 
RNA substrate (1 µM ) and RNase H (1 U) for 1 h at 37 °C. Samples were analyzed on a 
10% denaturing gel and imaged with a Typhoon FLA 7000 phosphorimager.  AA, non-
modified antisense agent; AA-5K, 5 kDa PEGylated antisense agent. Adapted from Govan et 
al.149 
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3.2.7 Photo-Activation of Gene Expression 

Based on the results presented above, PEGylated oligonucleotides are active and stable 

antisense agents in cell culture, while non-PEGylated DNA is quickly degraded. Thus, we 

hypothesized that we can photochemically inactivate an antisense agent by inserting a light-

cleavable linker between the PEG group and the DNA (Scheme 3.1). In order to test this 

hypothesis, we used a previously synthesized 5 kDa PhotoPEG reagent153 and additionally 

synthesized a 20 kDa PhotoPEG group. The DsRed antisense DNA was PEGylated with the 

PhotoPEG group as shown in Scheme 3.2B. 

The photoactivation of gene expression was conducted by transfection of the 5 kDa 

and 20 kDa PhotoPEGylated antisense agents with pEGFP-N1 and pDsRed-monomer into 

HEK 293T cells. The cells were irradiated for 2 min using a transilluminator (365 nm, 25 

W), followed by incubation for 48 h. As in the previous cellular experiments, EGFP was used 

as a transfection control and DsRed fluorescence was normalized to EGFP fluorescence. The 

5 kDa PhotoPEG antisense agent (AA-5K PhotoPEG) reduced DsRed expression by 52% 

(similar to earlier results shown in Figure 3.6), and after irradiation DsRed expression was 

fully restored – comparable to the no antisense agent control (Figure 3.8A and B). The 20 

kDa PhotoPEG antisense agent (AA-20K PhotoPEG) inhibited DsRed expression by 80%, 

while after irradiation, fully restored DsRed expression was observed as well. Gene silencing 

with the AA-20K PhotoPEG reagent was more pronounced than what was previously 

observed for the simple PEG reagent without the light-cleavable linker (Figure 3.6). 

However, based on our cellular stability assays (see Figures 3.3 and 3.4), the AA-20K PEG 

was more stable than the AA-5K PEG toward enzymatic degradation. This demonstrates the 
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excellent switching from virtually complete inhibition of gene expression before irradiation 

to fully restored gene expression after irradiation. For the first time, non-modified, standard 

DNA was conjugated with a photo-cleavable PEG group and used in the photochemical 

activation of gene expression. 
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Figure 3.8. Light-activation of gene expression using a PhotoPEGylated antisense agent. 
HEK 293T cells were transfected with pEGFP-N1, pDsRed-Monomer, and antisense agent. 
Cell were irradiated for 2 min (25 W, 365 nm) or kept in the dark. (A) The cells were imaged 
after 48 h. The DsRed channel is shown above the EGFP channel. (B) The cells were then 
lysed, and the fluorescence was measured on a BioTek plate reader. DsRed (557/585 nm) 
fluorescence was normalized to EGFP (485/507 nm) fluorescence. Error bars represent 
standard deviations from three independent experiments. AA-HP, hairpin antisense agent; 
AA, non-modified antisense agent; AA-5K PhotoPEG, 5 kDa photocleavable PEGylated 
antisense agent; AA-20K PhotoPEG, 20 kDa photocleavable PEGylated antisense agent. 
Adapted from Govan et al.149 
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3.2.8 Spatial Control over Gene Expression using PhotoPEGylated Antisense Agents 

Having successfully achieved light-activation of gene expression with an excellent off/on 

ratio by using the PhotoPEGylated antisense agent, we next investigated the possibility of 

spatial control over DsRed expression in mammalian cells. In a 96-well plate, the AA-20K 

PhotoPEG was co-transfected into NIH 3T3 cells with pEGFP-N1 and pDsRed-monomer. 

Only one half of a well was then irradiated for 2 min (365 nm, 25 W), followed by incubation 

for 48 h. Consistent with earlier observations (Figure 3.8), the non-modified antisense agent 

(AA) exhibited no inhibition of DsRed expression (Figure 3.9), conversely the hairpin 

antisense agent (AA-HP) completely inhibited DsRed expression. Cells transfected with the 

20 kDa PhotoPEG antisense agent were only irradiated on the left half of the well and DsRed 

expression is only observed within the irradiated area. In the non-irradiated area, the right 

side of the micrograph, no DsRed expression is visible due to an intact PEGylated DsRed 

antisense agent. Thus, a high level of spatial control over gene activation was achieved. 
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Figure 3.9. Spatial activation of gene expression using a PhotoPEGylated antisense agent. 
NIH 3T3 cells were transfected with pEGFP-N1, pDsRed-Monomer, and AA-20K 
PhotoPEG. Only one half side of the well was irradiated for 2 min (25 W, 365 nm) and the 
cells were imaged after 48 h. The DsRed channel is shown above the EGFP channel. AA, 
non-modified antisense agent; AA-HP, hairpin antisense agent; AA-20K PhotoPEG, 20 kDa 
photocleavable antisense agent. Adapted from Govan et al.149 

 

3.2.9 Conclusion 

In summary, PhotoPEG antisense agents were developed that enable precise activation of 

gene expression through UV irradiation. Traditionally, antisense agents are stabilized by 

various backbone and sugar modifications for applications in tissue culture and whole 

organisms. These modifications are often synthetically challenging and, moreover, prevent 

RNase H-catalyzed mRNA degradation. If RNase H cleavage of mRNA is desired, mixed 

modified/non-modified deoxyoligonucleotides need to be synthesized. We discovered that 

simple PEGylation stabilizes non-modified DNA intracellularly with minimal to no effect on 

antisense activity, DNA:RNA hybridization, and RNase H-catalyzed mRNA degradation, 

thus providing efficient and readily synthesized antisense agents. The application of a light-
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cleavable PhotoPEG linker inserted between the PEG polymer and the oligonucleotide 

enabled sequence-specific gene silencing until cells were briefly irradiated with UV light of 

365 nm, inducing PEG cleavage and subsequent rapid, intracellular degradation of the 

antisense oligonucleotide. Degradation of the antisense agent then in turn activates the 

expression of the previously silenced gene of interest. Moreover, in addition to temporal 

control over gene expression, the developed methodology introduced a simple means for 

spatial control over gene activation through locally restricted irradiation of a monolayer of 

mammalian cells. This approach (light-activation of gene expression) is complementary to 

classical antisense caging methodologies (light-deactivation of gene expression). Due to the 

straightforward design of the reagents, only requiring standard deoxyoligonucleotides, the 

developed methodology can be readily applied in chemical biology, cell biology, and 

molecular biology labs. Part of this work has been published in Bioconjugate Chemistry.149 
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3.3 Light-Activation of Gene Expression through a Photocleavable Linker 

3.3.1 Introduction 

Antisense agents are powerful tools to regulate gene expression. As shown in the above 

chapter, antisense agents can be tailored to photochemically turn on gene expression in 

addition to turning gene function off. In addition to a caged nucleobase strategy for 

regulating gene function, we hypothesized that we could synthesize a photocleavable linker 

phosphoramidite that could be site-specifically incorporated into a DNA antisense agent. 

Previously, photocleavable linkers have been used in purification of proteins,154 DNA 

labeling,155 mass spectrometry analysis,156 drug delivery,157 and to regulate gene 

expression.149, 158 Additionally, a photocleavable linker has been introduced to a morpholino 

oligonucleotide to regulate gene function in zebrafish embryos.159-161 Thus, we envisioned 

that by site-specifically incorporating a photocleavable linker within a DNA antisense agent, 

the gene function could be modulated with light. The incorporation of an internal 

photocleavable linker will not affect the activity of the antisense agent until irradiated, 

through which the antisense agent is cleaved rendering it functionally inactive, and thus 

turning on the expression of the target gene (Scheme 3.3). 
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Scheme 3.3.  Light-activation of an antisense agent through incorporation of a 
photocleavable linker.  

 

3.3.2 Synthesis and Hybridization of DEACM-Containing Antisense Agents 

A coumarin linker represents an improvement from the commercially available nitrobenzyl 

linkers as it exhibits a high quantum yield resulting in fast photolysis and a red-shifted 

absorption maxmium (390 nm) which facilitates decaging at a longer wavelength (405 nm).31 

The incorporation of a coumarin linker within the backbone of the DNA antisense agent is 

facilitated by the acidic pKa of the phosphates, which is otherwise a limitation in the use of 

coumarin caging groups.162 To this end, a (7-diethylaminocoumarin-4-yl)methyl 

phosphoramidite was synthesized by Dr. Andrew McIver (Deiters Lab) and site-specifically 

incorporated into phosphothioate DsRed antisense agents by James Hemphill (Deiters Lab). 

Four different caged antisense agents were synthesized: (1) the DEACM linker was added 

into the middle of the antisense agent (DsRed-CA1), (2) the DEACM linker was substituted 

for a nucleotide (DsRed-CD1), (3) the DEACM linker was substituted for two nucleotides 

(DsRed-CD2), and (4) the DEACM linker was substituted for a nucleotide in two locations 

within the antisense agent (DsRed-CD3) (Table 3.2).  These oligomers were synthesized to 

determine the optimal number of nucleotides needed for the DEACM-antisense agent to 



 

104 

sufficintly hybridize to the mRNA target. With the addition of the DEACM linker in DsRed-

CA1, a nucleotide on the antisense strand could bulge out from the hybridized duplex. Or the 

direct subsitition of a nucleotide for the DEACM group, as in DsRed-CD1 and DsRed-CD3, 

could form a perfect duplex. Lastly, the deletion of two nucleotides for the DEACM linker 

could form a duplex or the mRNA could bulge out from the duplex. Thus, melting 

temperature (Tm) studies were conducted in order to determine the effect of the DEACM 

linker on hybridization. Equal molar amounts of the antisense agent and the complementary 

RNA were annealed in hybridization buffer (150 mM NaCl, 50 mM NaH2PO4, pH 7.4). The 

DNA:RNA duplex was irradiated at 365 nm for 20 min and then a melt curve was measured 

using a nucleic acid stain, EvaGreen. The non-caged DsRed AA had a Tm of 80.6 °C. The 

addition of a DEACM linker, DsRed-CA1, decreases the Tm by 5 °C and after UV 

irradiation, a 17.6 °C decrease in Tm was observed. By directly substituting the DEACM 

linker for a nucleotide, DsRed-CD1, the Tm decreases by 6 °C; however, a 19 °C drop in Tm 

was recorded. Then if the DEACM linker replaced two nucleotides, DsRed-CD2, a Tm of 

71.2 °C was measured, a change of 9.4 °C from the non-caged antisense agent. After 

irradiation, only a 3 °C change was observed from the non-irradiated sample. Thus, the 

addition of the DEACM linker or the direct substitution of the DEACM linker for one 

nucleotide, had nearly the same effect on hybridization with only a 5 °C or 6 °C change in 

Tm. With the incorporation of two DEACM linkers, each replacing a single nucleotide within 

the antisense agent, DsRed-CD3, a Tm of 67.5 °C was measured, which indicated that at 37 

°C, DsRed-CD3 was able to hybridize with the target RNA. After irradiation, no 

hybridization was detected. Thus, setting the stage for light-activation of gene expression.  
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Table 3.2.  Sequences and melting temperatures of synthesized antisense agents. ☐ 
indicates the DEACM linker. The DEACM phosphoramidite was synthesized by Dr. Andrew 
McIver (Deiters Lab) and the DEACM-containing antisense agents were made by James 
Hemphill (Deiters Lab). 

 

 

3.3.3 Photolysis of DEACM-Antisense Agents 

Next, the photolysis of the DEACM-antisense agents was assessed through a DNA cleavage 

assay. Caged and non-caged antisense agents were radiolabeled with 32P-λ ATP and either 

irradiated or kept in the dark. The samples were resolved on a 20% denaturing PAGE gel 

(Figure 3.10A) and the bands were quantified using ImageQuant TL (Figure 3.10B). As 

expected, the non-caged antisense agent showed no cleavage irrespective of irradiation. After 

irradiation, 60% of DsRed-CA1 was cleaved. Likewise, DsRed-CD1 was also cleaved in 

half, shown by the appearance of the second small molecular weight band. Irradiation of 

DsRed-CD2 resulted in 40% cleavage of the antisense agent. DsRed-CD3 had two DEACM 

linkers and therefore can be cleaved once, resulting in a 16-18 bp DNA oligo, or can be 

cleaved in 3 parts as shown by the lowest molecular weight band of 8 to 9 bp. Importantly, 

83% of the full length DEACM-linked antisense agent was fragmented.  
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Figure 3.10 . UV induced photolysis of DEACM-containing antisense agents. Radiolabeled 
DEACM-antisense agents and non-caged antisense agents were irradiated with UV light (365 
nm, 20 min) or kept in the dark. (A) Samples were resolved on a 20% denaturing PAGE gel 
and imaged with a Typhoon phosphorimager. (B) The band intensities were quantified using 
ImageQuantTL.  

 

Briefly, the bases flanking the DEACM linker were investigated to determine if they 

have any effect on the rate of photolysis. Therefore, an irradiation time course was conducted 

on DsRed-A1, which has a thymidine and cytosine flanking the linker, and DsRed-D2, which 

had a guanosine and cytosine bases surrounding the linker. The caged antisense agents were 
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irradiated for up to 30 min at 365 nm and resolved on a 20% denaturing PAGE gel. The band 

intensities were quantified using ImageQuantTL and the percent of full length antisense 

agent was plotted against irradiation time. Over the course of 30 min, there was a steady 

decrease in the amount of caged antisense agent but there was little difference between 

DsRed-CA1 and DsRed-CD2 (Figure 3.11A and B). Therefore, it was concluded that the 

bases flanking the DEACM linker does not have a significant effect on the rate of photolysis.  
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Figure 3.11 . Irradiation time course of DsRed-CA1 and DsRed-CD1. Radiolabeled 
DEACM-antisense agents were irradiated with UV light (365 nm) for upto 30 min or kept in 
the dark. (A) Samples were resolved on a 20% denaturing PAGE gel and imaged with a 
Typhoon phosphorimager. (B) The bands were quantified using ImageQuantTL and the 
percent of full length antisense agent was plotted against irradiation time.  

 

3.3.4 Light-Deactivation of a DEACM-Containing Antisense Agents in Mammalian Cells 

The activity of the caged antisense agents was then assessed in mammalian cell culture. Non-

caged and DEACM-antisense agents were co-transfected with pEGFP-N1 and pDsRed-N1 

monomer into HEK 293T cells. Following transfection, the cells were immediately irradiated 
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for 2 min using a transilluminator (365 nm, 25 W), and incubated for 48 h. pEGFP was used 

as a transfection control. As a negative control, a scrambled phosphothioate antisense agent 

was tranfected and no inhibition of DsRed expression was observed (Figure 00.3.3A). A non-

caged phosphorothioate DsRed antisense agent, DsRed-AA, was employed as a positive 

control and showed a significant inhibition of DsRed expression (Figure 3.12B). Cells treated 

with DsRed-CA1 resulted in no expression of DsRed (Figure 3.12C). After irradiation, no 

expression of DsRed was observed. This indicates that the antisense agent was still active, 

inhibiting the expression of DsRed. Similarly, cells transfected with DsRed-CD1 also 

showed no DsRed expression when the cells were kept in the dark (Figure 3.12D). Upon 

irradiation, again no expression of DsRed was observed. Treatment of DsRed-CD2 resulted 

in no DsRed expression, indicating an active antisense agent when the cells were kept in the 

dark (Figure 3.12E). After irradiation with UV light, DsRed expression was observed, which 

showed that the antisense agent was inactive and thus allowed the expression of the reporter 

gene. Cells treated with the antisense agent DsRed-CD3 containing two DEACM linkers, 

resulted in low DsRed expression (Figure 3.12F). However, after exposure with UV light, a 

significant level of DsRed expression was observed indicating that the caged antisense agent 

was cleaved and translation of the DsRed mRNA proceeded, leading to the expression of 

DsRed. This cell-based expression showed that the caged antisense agents with the highest 

on/off switchability was the caged antisense agent with a single DEACM linker in place of 

two nucleotides, DsRed-CD2, and the caged antisense agent with two DEACM linkers in 

place of a single nucleotide, DsRed-CD3. 
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Figure 3.12.  Photochemical activation of DsRed expression. HEK 293T cells were 
transfected with pEGFP-N1, pDsRed-Monomer, and antisense agents or light-cleavable 
antisense agents. Cells were irradiated for 2 min (365 nm, 25 W) and the cells were imaged 
after 48 h. The DsRed channel is shown to the right of the EGFP channel. (A)  Scrambled 
control AA (B)  DsRed AA (C)  DsRed-CA1 (D)  DsRed-CD1 (E)  DsRed-CD2 (F)  DsRed-
CD3. 
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 One of the advantages of incorporating photocleavable linkers or caging groups 

within an oligonucleotide is the ability to control gene expression in high spatial and 

temporal resolution. To this end, HEK 293T cells were co-transfected with non-caged or 

DEACM-containing antisense agents (DsRed-CD2 and DsRed-CD3) with pEGFP-N1 and 

pDsRed-N1 monomer reporter plasmids. After transfection, the cells were irradiated with a 

405 nm laser using a confocal microscope. As in the previous cell based assay, the scrambled 

control, CNTRL, showed no inhibition of DsRed expression and the non-caged DsRed 

antisense agent, DsRed-AA, displayed complete inhibition of DsRed expression (Figure 

3.13A and B). In cells transfected with DEACM-linked antisense agents DsRed-CD2 and 

DsRed-CD3, no DsRed expression was observed except in the two circles in which the cells 

were irradiated (Figure 3.13C and D). This demonstrates the high level of spatial control that 

can be achieved with either a single DEACM linker that replaces two nucleotides DsRed-

CD2 or through the incorporation of two DEACM photocleavable linkers which each 

substitutes a single nucleotide DsRed-CD3.  
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 Figure 3.13.  Spatial activation of DsRed expression. HEK 293T cells were transfected 
with pEGFP-N1, pDsRed-Monomer, and antisense agents or DEACM-linked antisense 
agents (DsRed-CD2 or DsRed-CD3). Only areas within the white dotted circle were 
irradiated for 1 min (405 nm) and the cells were imaged after 48 h. The DsRed channel is 
shown to the right of the EGFP channel. (A)  Scrambled control AA (B)  DsRed AA (C)  
DsRed-CD2 (D)  DsRed-CD3. 
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3.3.5 Future Directions 

In summary, we have developed a new photocleavable linker that was successfully 

incorporated into a DsRed antisense agent and photoactivation of gene expression was 

achieved with spatial resolution. By developing a coumarin photocleavable linker, photolysis 

can occur at a longer wavelength (405 nm), which is potentially less toxic than UV light.31 

Additionally, by establishing a coumarin photocleavable linker that decages at 405 nm, it 

could be possible to engineer a multi-switch system. For example, it is conceivable that two 

genes could be independently regulated with high spatial and temporal control. One gene, 

gene A, could be photochemically regulated using a nitrobenzyl linker group that cleaves at 

360 nm. A second gene, gene B, would be under control of a coumarin linker group that 

would photolyse at 405 nm. Therefore, in the absence of light, both antisense agents against 

these genes are active, inhibiting both genes (Scheme 3.4). Irradiation with light at 405 nm 

will cleave the antisense agent against gene B, thereby activating the expression gene B, 

without affecting the expression of gene A. Next, irradiation with UV light at 360 nm, will 

cleave the antisense agent against gene A, and gene A will be expressed. Thus, a two 

component system could be engineered for photochemical control of two independent genes. 

This is currently under investigation in our lab. 
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Scheme 3.4 . Photochemical regulation of two independent genes. Two different 
photocleavable antisense agents are transfected into mammalian cells, silencing their 
respective genes. (1) Irradiation with 405 nm light will leave the courmain photocleaved 
linker, resulting in the expression of gene B, while gene A is still silenced. (2) Irradiation of 
360 nm UV light will cleave the nitrobenzyl photocleavable linker, leading to the expression 
of gene A. 
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3.4 Cellular Delivery and Photochemical Activation of Antisense Agents through a 
Nucleobase-Caging Strategy 

3.4.1 Introduction 

The regulation of gene expression is an important biological process that occurs in many 

cellular pathways. The misregulation of a single gene can be detrimental to a physiological 

process, as it can cause a variety of diseases, ranging from muscular dystrophy163 and 

cancer164 to neurological165 and heart diseases.163, 166 Several biomolecular tools have been 

developed to perturb and study gene expression in a variety of different cellular pathways, 

including antisense agents (phosphorothioate DNA, peptide nucleic acids, locked nucleic 

acids, and others), small interfering RNAs (siRNAs), DNA decoys, and triplex-forming 

oligonucleotides. In addition to being excellent molecular probes, these reagents have the 

potential to be highly specific therapeutic agents. However, poor bioavailability and in vivo 

delivery of the oligonucleotides limits their applicability. 

Cell penetrating peptides (CPPs), short (8-30) synthetic peptides that facilitate 

cellular uptake of the peptide and its cargo,167-169 have been conjugated to a variety of 

biomacromolecules including plasmids,170 oligonucleotides,171 and proteins172 for efficient 

delivery into mammalian cells. Different CPPs have been discovered, including heparin 

derived CPPs (DPV3 and DPV1047), HIV TAT, penetratin, K-FGF, Bac7, and others.168 

Even though the mechanism of cellular uptake for each CPP has not been fully elucidated, 

the two favored models for cell delivery are direct translocation and endocytosis.173 While 

CPPs can have very diverse sequences, within a specific class of CPPs sequence similarities 

and similar structural features have been identified, e.g., repeats of positively charged amino 
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acids.168 CPPs can be covalently attached to their cargo or can be used to form noncovalent 

complexes.167 Covalently linked CPPs have been shown to potentially reduce the bioactivity 

of the cargo, depending on the CPP, the cargo molecule, and the covalent linker.174 For 

example, the conjugation of an HIV TAT peptide to a siRNA oligonucleotide led to a 

significant decrease in its gene silencing ability.175 We speculated that this limitation could 

be completely prevented through the use of a light-cleavable linker between the CPP and the 

cargo oligonucleotide. Importantly, this approach not only solves delivery and activity issues 

of oligonucleotides, but also enables the precise spatial and temporal regulation of 

oligonucleotide function using light as a minimally invasive external control element. 

Building on the developed caging approach, we designed new caged 

phosphoramidites containing an alkyne handle, introduced them into synthetic antisense 

agents, and conjugated HIV TAT peptides to the nucleobase-caged oligonucleotides in order 

to allow for 1) efficient delivery of the antisense agent into mammalian cells without the 

need for injection or transfection, and 2) the photochemical release of the native antisense 

agent from the CPP and its concomitant activation. Thus, a propargyl-6-

nitroveratryloxymethyl (PNVOM) caging group was developed and installed on the 

nucleobase of a thymidine phosphoramidite. This PNVOM-caged thymidine was 

incorporated into antisense agents and conjugated with an azide-containing CPPs in a copper-

catalyzed 1,3-dipolar cycloaddition reaction. The CPP-caged antisense conjugate was then 

simply added to the cell culture media in order to be taken up by the cells (Scheme 3.5). Due 

to the presence of the caging groups, the antisense agent is unable to hybridize to the target 

mRNA and hence is inactive, allowing expression of the target gene. After a brief UV 
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irradiation, the caging groups together with the linked CPPs, were cleaved, activating the 

antisense agent and resulting in the silencing of the target gene. 

 

 
 

Scheme 3.5.  Delivery and light-activation of antisense agents containing caging groups 
conjugated with cell-penetrating peptides. PNVOM-caged thymidine nucleotides are site 
specifically incorporated into antisense agents and are bioconjugated with azido-CPPs. The 
CPP-caged antisense agent conjugates are (1) simply added to the cell culture media and (2) 
are taken up by mammalian cells, but remain inactive due to the presence of the caging 
groups. (3) UV irradiation induces decaging, cleaves the CPPs from the antisense agent and 
induces sequence-specific mRNA binding. This leads to (4) the silencing of gene expression  
either by blocking the ribosome or by inducing RNase H-mediated mRNA degradation. 

 

3.4.2 Synthesis of Caged Antisense Agents and Conjugation to HIV TAT Peptides 

In order to conduct a site-specific DNA conjugation, a PNVOM-caged thymidine 

phosphoramidite was synthesized by Rajendra Uprety (Deiters Lab). Hairpin-protected 

antisense agents have previously been shown to be efficient in inhibiting gene expression 

without the need for additional backbone modifications.57, 59, 103 The hairpin loop structure 

protects the phosphodiester antisense agents from intracellular degradation without inhibiting 
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their silencing activity. Based on previous literature reports,103 a GC-rich stem region of the 

hairpin structure was designed based on strong Watson-Crick base-pair interactions to 

generate stable DNA duplex formation. Additionally, the hairpin-protected antisense agents 

contain no stabilizing chemical modifications (e.g., phosphorothioates) that could elicit an 

immune response176 or increase non-specific protein binding.177 PNVOM-caged thymidine 

nucleotides were site-specifically incorporated into hairpin-protected antisense agents using 

standard DNA synthesis conditions (Table 3.4). Two previously reported antisense agent 

targets were selected to demonstrate the light-activation of TAT-conjugated antisense agents: 

Renilla luciferase178 as a classical reporter gene that can be easily assayed, and Eg5179 as an 

endogenous gene that generates a distinct phenotype when silenced.  

PNVOM-caged thymidine nucleotides were strategically installed throughout the 

antisense sequence for the two target genes. Equal distribution of the PNVOM-caged 

thymidine within the antisense sequence will ensure that hybridization to its complementary 

mRNA is fully inhibited and that multiple alkyne moieties are available for conjugation. 

Additionally, we have previously shown that the use of three evenly distributed caging 

groups throughout 18-19mers is sufficient to prevent DNA:RNA hybridization.20, 56 
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Table 3.4.  Sequences of the hairpin protected antisense agents. pT represents the PNVOM-
caged thymidine nucleotide (see insert). The PNVOM-caged thymidine phosphoramidite was 
synthesized by Rajendra Uprety. Caged antisense sequences were synthesized by in Dr. Mark 
O. Lively’s Lab (Wake Forest University). 

 

 

One of the first transduction proteins discovered was the HIV TAT trans-activating 

factor. The protein transduction domain responsible for cellular delivery was later elucidated 

to be the peptide sequence Tat48-60.180 The conjugation of this HIV TAT CPP to 

macromolecules has shown efficient cellular delivery and thus was selected for this study. In 

order to conduct a copper-catalyzed [3+2] cycloaddition for the bioconjugation of the HIV 

TAT peptide to the antisense agents, 6-azidohexanoic acid was prepared181 and added at the 

N-terminus of the CPP during solid-phase peptide synthesis (GenScript, Inc). The antisense 

agents containing three PNVOM groups were then reacted with the azido-HIV TAT peptide 

in an aqueous environment under mild conditions (Scheme 3.6).182 Addition of a tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA) ligand showed enhanced reaction rates and 
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improved water solubility over, an unsuccessfully tested, tris(benzyltriazolylmethyl)amine 

(TBTA) ligand.183, 184 The HIV TAT conjugated antisense agents were immediately purified 

using a NAP5 column in order to minimize potential DNA degradation caused by any 

residual copper catalyst.183, 185 

 

 
Scheme 3.6.   Bioconjugation of the PNVOM-caged antisense agent to the azido-HIV TAT 
peptide. HIV TAT = GRKKRRQRRRPPQ. 

 

3.4.3 In vitro Analysis of Photochemical cleavage of HIV TAT Peptides 

Activation of the antisense agent is achieved by photolysis of the CPP conjugates through a 

brief UV irradiation at 365 nm. In order to confirm that the HIV TAT peptide is indeed 

photochemically cleaved, thus releasing the native antisense agent, a 5′ radiolabeled caged 

oligonucleotide-TAT conjugate was analyzed in a gel shift assay (Figure 3.14) before and 

after UV irradiation. First, the gel reveals a complete conversion of the caged antisense agent 

to the TAT conjugate through three [3+2] cycloaddition reactions (Figure 3.14, lane 2). Upon 

UV irradiation (365 nm, 2 min), the HIV TAT peptide is readily cleaved resulting in the 

generation of the free oligonucleotide (Figure 3.14, lane 3). These in vitro experiments thus 

set the stage for the photochemical activation of antisense activity in mammalian cells. 
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Figure 3.14.  Gel shift assay of the radio-labeled, caged HIV TAT conjugated antisense 
agents before and after UV irradiation. A substantial gel shift was observed for the 
conjugated CLuc-AA-TAT in comparison to CLuc-AA. UV irraidation (365 nm, 2 min, 25 
W) restored the non-caged antisense agent. Lane 1: CLuc-AA, Lane 2: CLuc-AA-TAT − 
UV, Lane 3: CLuc-AA-TAT + UV. Minimal CLuc-AA-TAT spillover from lane 2 is most 
likely causing the small high molecular weight band in lane 1. 

 

 In order to optimize irradiation conditions, an in vitro irradiation time course was 

performed. Radiolabeled CLuc-AA-TAT was irradiated for 2, 5, or 10 min using a UV 

transilluminator (365 nm, 25 W) and resolved on a 20% denaturing PAGE gel. An irradiation 

period of 2 min was sufficient to cleave the HIV TAT peptide as little different was observed 

between 2, 5, or 10 min irradiation (Figure 3.15). Thus, this irradiation period was first used 

to test the light-activation of CLuc-AA-TAT in mammalian cells. 
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Figure 3.15.  Irradiation time course of radiolabeled, caged HIV TAT conjugated antisense 
agents. A substantial gel shift was observed for the conjugated CLuc-AA-TAT in comparison 
to CLuc-AA. CLuc-AA-TAT was irradiated for 2, 5, or 10 min (365 nm, 25 W). The 
oligonucleotides were separated on a 15% denaturing PAGE gel and imaged on a Typhoon 
FLA 7000 phosphorimager.  

 

3.4.4 Photochemical Activation of a Conjugated Antisense Agent targeting Luciferase 

The HIV TAT conjugated antisense agents were subsequently evaluated in mammalian cell 

culture. Human embryonic kidney (HEK) 293T cells were treated with the CNTRL (negative 

control), Luc-AA (positive control), caged CLuc-AA, and caged HIV TAT-conjugated 

CLuc-AA-TAT by simple addition directly to the cell culture media, in the absence of any 

transfection reagent, and incubated overnight. The cells were either irradiated (2 min, 365 

nm) or kept in the dark and were then co-transfected with the reporter plasmids pGL3 and 

pRL-TK, encoding firefly luciferase and Renilla luciferase, respectively. A double-

transfection was performed in order to normalize reporter gene expression in a dual-

luciferase assay and thus account for cell viability and transfection efficiency. The scrambled 

antisense agent (CNTRL) and a non-caged Renilla luciferase antisense agent (Luc-AA) were 
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also transfected as negative and positive controls, respectively. All transfections were 

conducted using X-tremeGENE according to the manufacturer’s instructions. As expected, 

the transfected CNTRL antisense agent did not inhibit luciferase expression, while the 

transfected Luc-AA reduced Renilla luciferase expression by 85% relative to the transfected 

CNTRL antisense agent (Figure 3.16). The control antisense agents, CNTRL and Luc-AA, 

led to little or no inhibition of luciferase expression when just added to the cell culture media, 

confirming that they are not sufficiently being taken up by the cells. Additionally, CLuc-AA 

induced no inhibition of luciferase expression in the presence or absence of UV irradiation. 

Together, this indicates that the non-conjugated antisense agents did not enter the cells in the 

absence of a transfection agent and in the absence of a cell penetrating signaling peptide, thus 

no silencing of luciferase expression was observed. When the CPP conjugate CLuc-AA-TAT 

was added to the cell culture media, no inhibition of gene expression was observed, provided 

the cells were kept in the dark. However, after a brief UV irradiation (2 min, 365 nm), the 

HIV TAT signaling peptide was cleaved resulting in 92% inhibition of Renilla luciferase 

expression, even exceeding the results obtained when using a transfection reagent. Thus, the 

covalent linkage of the HIV TAT peptide allowed the antisense agent to enter the cells; 

however, only after UV irradiation were the HIV TAT peptide sequences removed through 

nucleobase decaging, activating the antisense agent and inducing gene silencing. These 

results confirm the ability to deliver light-activated antisense agents into live cells through 

the generation of transduction peptide conjugates at nucleobase-caging groups, obviating the 

need for a transfection reagent. 
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Figure 3.16.  Light-Activation of antisense agents targeting luciferase expression. 
Antisense agents (CNTRL, Luc-AA, CLuc-AA, and CLuc-AA-TAT) were simply added to 
HEK293T cell culture media or actively transfected. Cells were either irradiated (365 nm, 2 
min, 25 W) or kept in the dark. The cells were expressing firefly and Renilla luciferase from 
pGL3 and pRL-TK plasmids, respectively, and a dual-luciferase assay was performed after 
48 h. Renilla luciferase expression was normalized to firefly luciferase expression and the 
negative control antisense agent (CNTRL) was set to 100%. All experiments were performed 
in triplicate and error bars represent standard deviations. ** p value < 0.005. 

 

To fully optimize the irradiation conditions in vivo, an irradiation time course was 

conducted in cell culture. As previously described, CLuc-AA-TAT was simply added to the 

cell culture media and incubated overnight. Control antisense agents (CNTRL and Luc-AA) 

were transfected into selected cells. Because the in vitro irradiation time course showed 

complete decaging after 2 min of UV light, the cells were either kept in the dark or irradiated 

for 0, 1, 2, 5, or 10 min (365 nm, 25 W). The cells were expressing firefly and Renilla 

luciferase from pGL3 and pRL-TK plasmids, respectively, and a dual-luciferase assay was 

performed after 48 h. As in the previous assay, the transfected control antisense agent, 

CNTRL, Renilla luciferase expression was set to 100% luciferase expression. An irradiation 
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of 1 min resulted in 40% inhibition of luciferase expression, whereas a 2 min irradiation led 

to a 65% inhibition of gene expression (Figure 3.17). Although greater inhibition of 

luciferase expression was observed in the previous assay (see Figure 3.16) no additional 

inhibition of Renilla luciferase expression was observed with longer irradiation times. 

 

  
 

Figure 3.17.  Irradiation time course of HIV TAT conjugated antisense agents. Antisense 
agents (CNTRL, Luc-AA, and CLuc-AA-TAT) were simply added to HEK293T cell culture 
media or actively transfected. Cells were either kept in the dark or irradiated for 0, 1, 2, 5, or 
10 min (365 nm, 25 W). The cells were expressing firefly and Renilla luciferase from pGL3 
and pRL-TK plasmids, respectively, and a dual-luciferase assay was performed after 48 h. 
Renilla luciferase expression was normalized to firefly luciferase expression and the negative 
control antisense agent (CNTRL) was set to 100%. All experiments were performed in 
triplicate and error bars represent standard deviations. 

 

Lastly, one additional optimization condition was performed. The HIV TAT 

conjugated antisense agent CLuc-AA-TAT was titrated into the mammalian cell culture 

media and incubated overnight. The control antisense agents and reporter plasmids were then 
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transfected into the cells. The cells were irradiated for 2 min (365 nm) and incubated an 

additional 48 h and a dual luciferase assay was performed. For normalization purposes, the 

negative control transfected antisense agent, CNTRL, Renilla luciferase expression was set to 

100% luciferase expression. As shown below in Figure 3.18, 50 nM of the CLuc-AA-TAT 

only showed a 40% reduction in luciferase expression. However, 100 nM CLuc-AA-TAT 

resulted in 80% inhibition, the same level of inhibition as the transfected non-caged Luc-AA. 

Cells treated with 250 nM CLuc-AA-TAT led to 75% inhibition of luciferase expression 

after UV irradiation.  

 

  
 

Figure 3.18.  Titration of HIV TAT conjugated antisense agents. Antisense agents (CNTRL 
and Luc-AA) were actively transfected into HEK293T cells. Increasing concentrations of 
CLuc-AA-TAT (0, 50, 100, 250 nM) were simply added to HEK293T cell culture media. 
Cells were either kept in the dark or irradiated (365 nm, 2 min, 25 W). The cells were 
expressing firefly and Renilla luciferase from pGL3 and pRL-TK plasmids, respectively, and 
a dual-luciferase assay was performed after 48 h. Renilla luciferase expression was 
normalized to firefly luciferase expression and the negative control antisense agent (CNTRL) 
was set to 100%. All experiments were performed in triplicate and error bars represent 
standard deviations. 
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Due to the alkyne functionality on the PNVOM- caged nucleobase, it is conceivable 

to conjugate multiple different groups to the antisense agent. To explore this possibility and 

to also confirm that the antisense agents are delivered into the cells, we conjugated the HIV 

TAT peptide and a rhodamine tag to the antisense agent. In a similar manner as shown 

previously, the CLuc-AA was reacted simultaneously with the azido HIV TAT peptide and 

azido-rhodamine (synthesized by Meryl Thomas, Deiters Lab) in a 1:3 ratio of N3-HIV TAT 

to N3-rhodamine, and purified with a Nap5 column (Scheme 3.7). 

 

 
Scheme 3.7. Bioconjugation of N3-rhodamine and N3-HIV TAT to the PNVOM-caged 
antisense agent. N3-rhodamine was synthesized by Meryl Thomas (Deiters Lab). 

 

The CLuc-AA-Rhod-TAT antisense agent was then added directly to the cell culture 

media of HeLa cells. As controls, the CLuc-AA and the azido-rhodamine (100 nM) was also 

added to the cell culture media. After an overnight incubation, the media was removed and 

the cells were washed with PBS, and imaged on a confocal microscope. For comparison 
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purposes, a micrograph of a non-treated HeLa cell was imaged (Figure 3.19). With treatment 

of the non-caged antisense agent, CLuc-AA, no fluorescence was detected – as expected. The 

addition of CLuc-AA-Rhod-TAT led to fluorescence observed in the cytosol. The excess 

rhodamine was purified from the antisense agent conjugate; therefore the fluorescence 

observed is due to the rhodamine-conjugated antisense agent. It is possible to multiplex the 

attachment of tags to the antisense agent; as shown through the conjugation of the rhodamine 

and HIV TAT to antisense agents. This demonstrated that the HIV TAT conjugated antisense 

agent was delivered into the cells, where after light-activation, it can bind to its RNA target 

and inhibition translation.  



 

129 

  
 

Figure 3.19.  Delivery of HIV TAT conjugated antisense agents. CLuc-AA, azide-
rhodamine, and the mixed HIV TAT peptide-rhodamine conjugate CLuc-AA-Rhod-TAT 
were added to HeLa cell culture media. The cells were incubated overnight and imaged using 
a Zeiss 710 confocal microscope (40x oil objective). 

 

3.4.5 Temporal Activation of HIV TAT-Conjugated Luciferase Antisense Agents 

Light-activation of antisense agents enables precise temporal control over their activity and 

thus over the activity of the specific gene that they are targeting. In order to explore the 
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ability to regulate the function of the HIV TAT conjugated antisense agent CLuc-AA-TAT 

with temporal resolution, it was added to the cell culture media of HEK 293T cells. After an 

overnight incubation, the media was removed and the cells were transfected with the pGL3 

and pRL-TK reporter constructs followed by UV irradiation after 0, 12, 24, 36, 40, or 46 h. 

The scrambled negative control antisense agent CNTRL and the non-caged positive control 

antisense agent Luc-AA were transfected into cells as well. Luciferase expression was 

measured after a total incubation period of 48 h. As expected, the CNTRL antisense agent 

showed no inhibition of luciferase expression, while Luc-AA inhibited 90% luciferase 

function regardless of the duration of irradiation (Figure 3.20). Prior to irradiation, CLuc-

AA-TAT showed no inhibition of luciferase expression. Irradiation immediately after 

reporter plasmid transfection showed 93% inhibition of luciferase activity and displayed a 

steady increase in luciferase expression for later time points of irradiation (Figure 3.20). At 

time points 40 and 46 h, no inhibition of luciferase activity was observed, presumably due to 

the short incubation period of the activated antisense agent before luciferase readout at 48 h 

and the already present abundance of luciferase mRNA and protein.  
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Figure 3.20.  Temporal activation of luciferase antisense agents. CLuc-AA-TAT (100 nM) 
was added directly to cell culture media of HEK 293T cells. After an overnight incubation, 
the media was removed and the cells were transfected with the reporter plasmids pGL3 and 
pRL-TK. The cells were irradiated at 0, 12, 24, 36, 40 or 46 h post-transfection (365 nm, 2 
min, 25 W) and a dual-luciferase assay was performed after 48 h. Renilla luciferase 
expression was normalized to firefly luciferase expression and the CLuc-AA-TAT − UV 
Renilla luciferase expression was normalized to 100%. All experiments were performed in 
triplicate and error bars represent the standard deviations.  

 

3.4.6 Photoregulation of an Endogenous Gene Target 

To demonstrate applicability of the developed delivery and light-activation approach beyond 

the regulation of reporter genes, a caged TAT-conjugated antisense agent targeting the 

endogenous Eg5 gene was synthesized and tested in cell culture. Eg5 is a member of the 

kinesin-5 family and is an essential gene involved in the regulation of the cell cycle, 

specifically for bipolar spindle formation.186, 187 Inhibition of Eg5 results in the arrest of a 

multitude of cellular functions including spindle formation, mitosis, and cell proliferation.179, 

188 Due to its importance in cell cycle regulation and concomitant therapeutic potential in 

cancer,189, 190 a caged Eg5 antisense agent (CEg5-AA, Table 3.4) was designed based on a 

literature-reported sequence179 and covalently labeled with the azido-HIV TAT peptide, 
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generating CEg5-AA-TAT. The CEg5-AA and CEg5-AA-TAT antisense agents were added 

to the cell culture media of HeLa cells, followed by an overnight incubation and a brief UV 

irradiation (365 nm, 2 min). The scrambled oligonucleotide CNTRL and the non-caged Eg5 

antisense agent Eg5-AA were transfected into HeLa cells as negative and positive controls, 

respectively. After a 48 h incubation, the cells were fixed, the actin filaments were stained 

with FITC-phalloidin, and the nucleus was counterstained with DAPI. Confocal imaging 

revealed a binucleated phenotype in cells transfected with Eg5-AA (Figure 3.21), in 

agreement with previous reports that knockdown of Eg5 arrests HeLa cells in mitosis.187, 188 

In contrast, cells transfected with the CNTRL antisense agent displayed no obvious 

phenotypic changes. In agreement with our results discussed above, CEg5-AA directly added 

to the media also did not result in a phenotype change either before or after UV irradiation, 

confirming the necessity of a covalently linked HIV TAT transduction peptide for delivery of 

the antisense agent. The presence of the CEg5-AA-TAT antisense agent in the cell culture 

media did not induce a change in cell morphology until the three nucleobase-caging group 

TAT peptide conjugates were cleaved through UV exposure, activating the Eg5 antisense 

agent and generating the same binucleated cell phenotype.  
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Figure 3.21.  Light-activated Eg5 inhibition in HeLa cells. CEg5-AA and its corresponding 
HIV TAT peptide conjugate CEg5-AA-TAT were added to the cell culture media. After an 
overnight incubation the cells were briefly irradiated (365 nm, 2 min) or kept in the dark. 
Negative (CNTRL) and positive (Eg5-AA) control antisense agents were transfected into 
HeLa cells. All cells were subsequently fixed and stained with FITC–phalloidin and DAPI, 
and imaged using a Zeiss 710 confocal microscope (40x oil objective). 

 

The frequency of the binucleated phenotype was assessed by scoring 100 cells per 

experiment. Cells transfected with CNTRL showed no binucleated cells, whereas 40% of 

cells transfected with the positive control agent Eg5-AA displayed an Eg5 knockdown 

phenotype (Figure 3.22). Only a minimal number (<3%) of binucleated cells were observed 
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when CEg5-AA was added directly to the cell culture media in the presence and absence of 

subsequent UV light exposure, again indicating a lack of cellular uptake of a non-

bioconjugated caged antisense agent. When CEg5-AA-TAT was added to the cell culture 

media, a small number of binuclear cells were observed (12%; some background activity 

could be the result of conducting the decaging experiment in the same chamber slide; no 

leakiness was observed in the luciferase and qRT PCR experiments shown in Figures 3.16, 

3.20, and 3.24), until UV irradiation restore antisense activity leading to an Eg5 inhibition 

phenotype in 37% of observed cells. These results demonstrate, for the first time, the ability 

to generate reagents that display facile cellular uptake followed by photochemical regulation 

of an endogenous gene. 

 

 
Figure 3.22.  Frequency of Eg5 phenotypic expression. Conjugated antisense agents (100 
nM) were added directly to the cell culture media of HeLa cells and incubated overnight at 
37 °C, 5% CO2. The media was removed and the cells were irradiated for 2 min on a UV 
transilluminator (365 nm, 25 W). Control antisense agents were transfected into the cells 
with X-tremeGENE siRNA reagent. DMEM media was added and the cells were incubated 
at 37 °C, 5% CO2 for 48 h. The cells were fixed with formaldehyde (3.75%) and 
permeabilized with Triton-X100, strained with Alexa Fluor 488 Phalloidin (ex/em 488 
nm/495-630 nm) and DAPI (ex/em 405 nm/410-495 nm). 100 total cells were counted for the 
binucleated phenotype and plotted against the antisense agent treatment.   
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Western blots were performed to confirm that the observed phenotypic change was a 

result of the inhibition of Eg5 expression. The cell culture experiments were conducted in an 

identical fashion as before, but instead of fixing, staining, and imaging, the cells were lysed 

and the cell lysate was analyzed for Eg5 expression (Figure 3.23). The bands were quantified 

and Eg5 expression was normalized to GAPDH expression. As expected, the transfected 

negative control agent, CNTRL, led to a noticeable band indicating endogenous Eg5 

expression. Upon treatment of HeLa cells with CEg5-AA-TAT without UV irradiation, Eg5 

expression was detected due to the inactivity of the antisense agents taken up by the cells. 

However, substantial knockdown of Eg5 expression was observed (55% inhibition) after 

exposure to UV light, in agreement with the luciferase reporter results shown above. Thus, it 

was confirmed that the CEg5-AA-TAT peptide was delivered into cells, and that activation 

of the antisense agent occurred only after UV irradiation, allowing temporal control over 

gene expression. Moreover, the phenotypic change observed by the Eg5-AA antisense agent 

is supported by an expression analysis of Eg5, demonstrating the applicability of the 

developed oligonucleotide delivery and light-activation methodology to any reporter or 

endogenous gene. 
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Figure 3.23.  Western blot analysis of Eg5 gene expression. CEg5-AA-TAT, 100 nM was 
added directly to cell culture media and incubated overnight at 37 °C, 5% CO2. The media 
was replaced and the cells were irradiated (365 nm, 2 min, 25 W). A negative CNTRL 
antisense agent was transfected in HeLa cells. (A) The cells were analyzed by Western blot 
for Eg5 and for GAPDH as an internal control. (B) The blot was quantified using 
ImageQuant and Eg5 expression was normalized to GAPDH. 

 

Quantitative RT PCR was performed to confirm that the observed phenotypic change 

was indeed the result of Eg5 inhibition. The cell culture experiments were conducted in an 

identical fashion as before, but instead of fixing, staining, and imaging, total RNA was 

isolated and subjected to qRT PCR. Eg5 expression was normalized to GAPDH expression 

and the transfected negative control antisense agent CNTRL was set to 100%. Transfection 

of the non-caged, positive control Eg5 antisense agent Eg5-AA into HeLa cells resulted in 

60% inhibition of Eg5 expression (Figure 3.24). Additionally, no change in Eg5 expression 

was observed in the presence of UV irradiation. Upon treatment of HeLa cells with CEg5-

AA-TAT without UV irradiation, no inhibition of Eg5 expression was detected due to the 

complete inactivity of the antisense agents taken up by the cells due to the presence of the 

nucleobase-caging groups. However, silencing of Eg5 expression to the same level as the 
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positive control was observed after exposure to UV light, in agreement with the luciferase 

reporter results and the phenotypic assays shown above. Additionally, the reduction of Eg5 

mRNA levels indicates that the synthesized hairpin-modified antisense agents induce gene 

silencing through an RNase H-mediated mRNA degradation mechanism, as expected for 

unmodified phosphodiester DNA.191, 192 These results confirmed that the CEg5-AA-TAT 

conjugate was taken up by cells and that activation of the antisense agent occurred only after 

UV irradiation, allowing temporal control over gene expression. Moreover, the phenotypic 

change observed by the Eg5-AA antisense agent is supported by an expression analysis of 

Eg5, demonstrating the applicability of the developed oligonucleotide delivery and light-

activation methodology to any reporter or endogenous gene. 

 

 
Figure 3.24.  Quantitative RT PCR analysis of Eg5 gene expression. CEg5-AA-TAT was 
added directly to the cell culture media and incubated overnight at 37 °C and 5% CO2. The 
media was replaced and the cells were irradiated (365 nm, 2 min, 25 W). A negative CNTRL 
antisense agent and a non-caged Eg5 antisense agent Eg5-AA were transfected in HeLa cells. 
After 48 h incubation, RNA was isolated and subjected to qRT PCR analysis. Eg5 expression 
was normalized to GAPDH expression and the CNTRL was set to 100%. All experiments 
were performed in triplicate and error bars represent standard deviations. 
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3.4.7 Targeted Cellular Delivery using Folic Acid-Conjugated Antisense Agents 

The mechanism of CPP delivery is still under debate, but passive diffusion and endocytosis 

have been proposed as the two main processes.193 Their mode of cellular uptake depends on 

several parameters, including CPP concentration, cargo size, CPP type, and cell type.194, 195 

Several studies have demonstrated that the HIV TAT CPP undergoes an endocytosis 

mechanism.196, 197 A potential drawback of this mechanism is that the cargo can be trapped 

within endosomes, thereby limiting its activity. However, in addition to transduction 

peptides, macromolecules can be successfully delivered into cells via natural vitamin 

endocytosis pathways, for example through folate receptors.198 The abundance of folate 

receptors in cancer cells versus the low levels present in healthy cells,199 allows for  selective 

delivery of a biomolecule.  This can be achieved through the conjugation of the biomolecule 

to folic acid, which can bind to a folate receptor (Figure 3.25).200 This binding causes a 

conformational change in which the folate receptor-folic acid-biomolecule conjugate is 

internalized into an endosome. The endosome becomes acidified until it breaks open, 

releasing the folic acid-biomolecule conjugate inside of the cell. The folate receptor is then 

recycled back to the cell surface.  
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Figure 3.25 . Mechanism of folate mediated delivery of biomolecules to cancer cells. The 
folic acid-cargo molecule conjugate will bind to the folate receptor. This complex will be 
internalized into an endosome. The endosome will be acidified until in breaks open, 
delivering the folic acid-cargo molecule conjugate into the cancer cell. The endosome and 
folate receptor is recycled to the cell membrane. Adapted from Lu et al.200 

 

Since folate receptors are upregulated in cancer cells, cancer drugs such as 

maytansine and desacetylvinblastine have recently been conjugated to folate for targeted 

delivery.198 Additionally, folic acid has previously been conjugated to an antisense agent 

through the 3′ terminus for selective delivery into human ovarian cancer cells.201 Thus, we 

hypothesized that conjugating folic acid molecules to NPVOM-caged antisense agents will 
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allow for selective uptake of the antisense agents into cancer cells and photoregulation of 

gene function. 

 

3.4.8 Bioconjugation of Folic Acid-Conjugated Antisense Agents and targeted Delivery 
into Mammalian Cancer Cells 

In order to achieve targeted delivery of NPVOM-caged antisense agents, a folic acid azide 1  

was synthesized by Meryl Thomas (Deiters Lab). Bioconjugation of 1  and CLuc-AA were 

conducted under the same Cu-catalyzed [3+2] cycloaddition conditions as described for the 

HIV TAT peptide (Scheme 3.8), thus setting the stage for targeted cell delivery and light 

activation of an antisense agent. 

 

 
Scheme 3.8.  Synthesis of the folate conjugated antisense agent. N3-folic acid was 
synthesized by Meryl Thomas (Deiters Lab). 
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 The cellular delivery of the folic acid-conjugated antisense agent was evaluated in 

mammalian cell culture using the previously described luciferase assay (see Figure 3.16).  

The conjugated antisense agent, CLuc-AA-FA was added directly to HeLa cells due to the 

overexpression of folate receptors in this cell line.202, 203 As a negative control, Luc-AA was 

also directly added to the cell culture media. As a positive control Luc-AA was transfected 

into HeLa cells using X-tremeGENE according to the manufacturer’s protocol. As expected, 

in cells transfected with Luc-AA, 80% inhibition of Renilla luciferase was detected 

regardless of UV irradiation (Figure 3.26A). In agreement with the previous assay (see 

Figure 3.16), Luc-AA did not inhibit luciferase expression in the presence or absence of UV 

irradiation due to the lack of a transfection reagent, a CPP or a small molecule carrier. 

Addition of the folic acid conjugate CLuc-AA-FA directly to the cell culture media did not 

lead to a decrease in luciferase expression when cells were kept in the dark, as expected. A 

brief UV irradiation (2 min, 365 nm) activated the antisense agent by cleaving the folic acid 

residues, resulting in 76% inhibition of Renilla luciferase expression. Thus, the covalent 

linkage of the folic acid to the antisense agent facilitated the direct uptake of the antisense 

agent into HeLa cells and only after UV irradiation were the antisense agents activated to 

inhibit luciferase expression. Finally, to show the selectivity of the folic acid conjugate to 

certain cancer cells, the above experiment was performed in MCF7 cells, which lack folate 

receptors.204 As a positive control, MCF7 cells transfected with Luc-AA displayed 50% 

inhibition of luciferase expression (Figure 3.26B). In agreement with the previous assay, 

CLuc-AA added directly to the cell culture media resulted in no inhibition of luciferase 

expression regardless of UV irradiation. Additionally, the folic acid conjugated antisense 
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agent, CLuc-AA-FA, also showed no inhibition of luciferase expression when added directly 

to the cell culture media either before or after UV irradiation. The lack of gene silencing 

shown by the folic acid conjugate confirms the ability for the selective delivery of light-

activated antisense agents into cells. 
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Figure 3.26.  Targeted delivery and light-activation of antisense agents. Antisense agents 
(CLuc-AA, and CLuc-AA-FA), were added directly to cell culture media of (A) HeLa cells 
or (B) MCF7 cells, or alternatively transfected. Cells were either irradiated (2 min, 365 nm, 
25 W) or kept in the dark. Firefly and Renilla luciferase were expressed from pGL3 and 
pRL-TK plasmids, respectively, and a dual-luciferase assay was performed after 48 h. 
Renilla luciferase expression was normalized to firefly luciferase expression and the negative 
control antisense agent (CLuc-AA − UV) was set to 100%. All experiments were performed 
in triplicate and error bars represent standard deviations. ** = p value <0.005 
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3.4.9 Conclusion 

In summary, a new methodology was developed that simultaneously enables cellular uptake 

and precise optochemical control of antisense oligonucleotide function in mammalian tissue 

culture. This was achieved by developing a new nucleotide caging group that not only 

inhibits oligonucleotide hybridization but also provides a functional handle for the 

bioconjugation with cell penetrating peptides (CPPs) and small molecule carriers. 

Specifically, [3+2] cycloaddition reactions were used to conjugate N3-HIV TAT peptides to 

antisense agents containing three propargyl-6-nitroveratryloxymethyl (PNVOM) groups at 

specific thymidine nucleobases. The HIV TAT peptide facilitates the delivery of the 

antisense agent directly into mammalian cells without the need of any transfection reagents 

or injection protocols. The antisense agent is completely inactive until a brief UV irradiation 

cleaves the caging group and thereby the peptide domains from the oligonucleotide. This 

photolysis then provides a regular, non-modified antisense agent that is fully active and 

efficiently and sequence-specifically silences the gene of interest. Since a non-modified 

oligonucleotide is generated through light activation, this methodology can be directly 

applied to any antisense agent type and modification without the need for newly establishing 

the gene silencing behavior of the CPP conjugates. We tested the developed approach in 

HEK 293T cells and in HeLa cells targeting two different genes, a transiently transfected 

luciferase reporter gene and an endogenous gene under control of its native promoter. 

Through luciferase and phenotypic assays, as well as quantitative real-time PCR and Western 

blot analysis, it was shown that HIV TAT antisense agent conjugates could be used to 

photoregulate gene expression with excellent off → on switching behavior. The developed 
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methodology displays full activation of the conjugated antisense agent after UV irradiation – 

with comparable or better gene silencing activity as a commercially available, transfected 

antisense agent. Moreover, the direct covalent attachment of a CPP to the antisense agent 

alleviates the need for any non-covalent liposomal CPP formation. We expect that this 

methodology is generally applicable to any antisense agent, with any CPP, and in any cell 

type. In addition to the direct conjugation of an HIV TAT peptide, we showed that this 

approach allows for the selective targeting of cervical cancer cells via conjugation of folic 

acid residues to the caged antisense agent. This approach will greatly facilitate the spatio-

temporal investigation of gene function, as it does not require any transfection reagents or 

other design of oligonucleotide delivery vehicles. The developed technology can be easily 

adapted to any antisense agent or biomolecule through direct conjugation to a carrier peptide 

or small molecule ligand for targeted delivery through a cell surface receptor (e.g., the sigma 

receptor205). Additionally, conjugating other tags to the antisense agent (e.g., fluorophores, 

peptides, aptamers, etc.) in conjunction with or without a CPP can be envisioned in order to 

visualize cellular trafficking of the oligonucleotide or for selective delivery to certain cell 

types. Two-photon caging groups, such as 3-nitro-2-ethyldibenzofuran, modified with alkyne 

handles could be used for activation with IR light, allowing for optochemical activation in 

deeper tissue and with high spatial resolution.206-208 
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3.5 Photocaged Morpholino Oligomers  

3.5.1 Introduction 

Morpholino oligomers (MO) are established and widely used antisense agents in model 

organisms such as Caenorhabditis elegans, zebrafish, Xenopus, and mice.209, 210 Due to the 

unnatural ring structure, morpholino oligonucleotides are highly resistant to nucleases. In 

addition, the binding affinity of MOs to RNA is greater than the hybridization affinity of 

DNA:RNA or RNA:RNA duplexes.137 Similar to antisense agents, MOs bind to the target 

mRNA and inhibit gene expression by sterically blocking the ribosome from translating the 

mRNA. Because of its high stability and binding affinity, MOs have been extensively used in 

model organisms ranging from sea lamprey211 and zebrafish212 to drosophila213 and chick 

embryos.214 However, one of the major drawbacks of antisense agent technology is its 

inability to assess gene function at later stages of development due to embryonic lethality; 

thus, the necessity of spatial and temporal activation of morpholino oligomers. Therefore, 

NPOM-caged thymine morpholino monomers were synthesized and incorporated into an 

EGFP MO and as an endogenous gene target, chordin. Due to the addition of the caging 

group, it is hypothesized that the MO will be functionally inactive since the caging groups 

create steric bulk to inhibit MO:RNA hybridization. After UV irradiation, the caging groups 

are removed, resulting in an active MO, which can bind to the mRNA target and silence gene 

expression (Scheme 3.9) 
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Scheme 3.9. Light activation of a nucleobase-caged morpholino. The caged MO is inactive 
until UV irradiation, which cleaves the caging group. The MO can now bind the mRNA and 
suppress gene expression. Adapted from Deiters et al.215 

 

3.5.2 Hybridization and Binding Affinity of Caged Morpholinos 

To this end, an NPOM-caged thymidine morpholino monomer was synthesized by Dr. 

Hrvoje Lusic (Deiters Lab) and site-specifically incorporated into morpholinos targeting 

EGFP and chordin (GeneTools).  To ensure that the NPOM-caged thymidine group disrupts 

MO:RNA base pairing, melting temperatures were determined (Table 3.5, Figure 3.27).  The 

presence of four caging groups resulted in a 30 °C decrease in its melting temperature when 

compared to the non-caged EGFP-MO0. This observation is consistent with a 27 °C decrease 

in Tm when four mismatches are included in a MO:RNA duplex.216 UV irradiation restored 

the Tm to that of the non-caged EGFP-MO0.  
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Table 3.5. Morpholino sequences and melting temperatures. T denotes a NPOM-caged 
thymidine monomer. The NPOM-caged thymidine monomer was synthesized by Dr. Hrvoje 
Lusic (Deiters Lab) and the caged monomer was synthesized by GeneTools, LLC. 

 

 

In a similar manner, melting temperature analyses were performed for chordin-MO4, 

and approximately a 10 °C decrease in Tm was observed for the incorporation of four NPOM 

caging groups. This differs from EGFP-MO4 because the caging groups are clustered near the 

ends of the MO, leaving more continuous non-caged internal bases that may base-pair with 

its complement RNA. However, upon UV exposure, the Tm was virtually identical to the 

non-caged chordin-MO0 (Table 3.5, Figure 3.27). Additionally, the number of continuous 

MO:RNA base-pairs was less than the reported number required for morpholino silencing of 

gene expression.137 
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Figure 3.27.  Melt curves of duplexes of non-caged and caged morpholinos and their 
complementary RNA. (A)  chordin-MO0 (B) chordin-MO4, – UV (C) chordin-MO4, 10 min 
UV (D) EGFP-MO0 (E) EGFP-MO4, – UV (F) EGFP-MO4, 10 min UV. Error bars represent 
standard deviations from three independent measurements. 

 

To further ensure that the NPOM-caging groups prevent hybridization to the target 

mRNA, gel shift assays were performed. Radiolabeled complementary RNA was incubated 

with increasing concentration of EGFP-MO and chordin-MO and resolved on a 20% native 

PAGE gel (Figure 3.28).  At equal molar concentrations of RNA and MO, the RNA is fully 

bound to the non-caged MO as observed from the substantial shift in the RNA (Figure 3.28A 
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and D). In the presence of caged MO (EGFP and chordin) almost all RNA remains free 

(Figure 3.28B and E), indicating that the caging groups do indeed inhibit MO:RNA base 

pairing. The band intensities were quantified using ImageQuant software and the percentage 

of bound MO:RNA was plotted against MO concentration (Figure 3.28C and F).  From these 

plots, it is clear that the caged MO does not bind to its complementary RNA, while the non-

caged MO binds with an nanomolar affinity.  
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Figure 3.28.   Representative gel shift assay of (A) EGFP-MO0, (B) EGFP-MO4, (C) 
chordin-MO0 and (D) chordin-MO4 with corresponding target RNA. RNA monomers were 
separated from MO:RNA duplexes by a 20% native polyacrylamide gel electrophoresis and 
imaged with a Storm Phosphorimager. (E-F) Gel images were quantified with ImageQuant, 
and the bound MO:RNA fraction was plotted against the concentration of MO. Gel shifts 
were performed in triplicate and error bars represent the standard deviation of three 
individual experiments. Adapted from Deiters et al.215 

  

In order to demonstrate that the MO was free to bind to its complementary RNA after 

photolysis, and to optimize irradiation conditions, an irradiation time course was performed. 

Similar to Figure 3.28, equal molar concentration of RNA and MO were mixed, and then 
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irradiated for 2, 5 or 10 min (365 nm, 25 W) or kept in the dark. The samples were analyzed 

on a 20% native PAGE gel and imaged on a Storm Phosphorimager. From the gel shift, it is 

observed that only 2 min is needed to completely restore the binding affinity of the MO to its 

complementary RNA (Figure 3.29).   

 

 
Figure 3.29.  Irradiation time course gel shift assay of EGFP RNA:MO duplex. Complete 
RNA binding can be observed after a 2 min UV irradiation. Lane (1) EGFP RNA, (2) 
RNA:EGFP-MO0, (3) RNA:EGFP-MO4, no UV, (4) RNA:EGFP-MO4, 2 min UV, (5) 
RNA:EGFP-MO4, 5 min UV; (6) RNA:EGFP-MO4, 10 min UV. Adapted from Deiters et 
al.215 

 

The photoactivation of the non-caged and caged MOs were subsequently tested in cell 

culture and in zebrafish (Dr. Jeffery Yoder’s Lab, NCSU CMV) and also  assessed in 

Xenopus embyros (Dr. Nanette M. Nascone-Yoder’s Lab, NCSU CMV).215 

In summary, a new caged morpholino monomer was developed and incorporated into 

two different morpholinos. In vitro studies demonstrated that the installment of NPOM-caged 

thymidine monomers into the morpholino oligomer was sufficient to inhibit MO:RNA base 

pairing. This was shown through melting temperature studies and gel shift assays. These 

caged antisense agents were then assessed in vivo and shown to be inactive in cell culture, 

zebrafish embryos and Xenopus embryos until irradiated with UV light. The direct caging 
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approach can easily be applied to any morpholino oligomer, since the straightforward design 

only requires insertion of caged building blocks in the oligomer synthesis. This methodology 

can find broad application in the cell and developmental biology research community, 

because it is generally applicable to the spatial and temporal regulation of gene function in 

multiple biological contexts.  

 

3.5.3 Attempts Towards the Photo-Activiation of a Circular DNA Oligomer 

Our lab has previously shown that gene expression can be photo-activated through the 

incorporation of caging groups on the nucleobases of antisense agents.56 An additional 

method to modulate antisense agent activity is by forming a light-cleavable cyclic 

oligonucleotide. During our studies, Tang et al. incorporated a photolabile linker into a linear 

DNA antisense agent to produce a circular DNA antisense agent.217 Since the caged antisense 

agent is circular, it cannot bind to its target RNA substrate. After brief irradiation with UV 

light, the circular antisense agent is cleaved producing a linear antisense agent, which can 

then hybridize to its target RNA, thus inducing RNase H-mediated mRNA degradation 

(Scheme 3.10). 
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Scheme 3.10.  Regulation of RNA degradation by caged circular antisense 
oligonucleotides. The light-cleavable circular ASOs does not bind to its RNA substrate until 
UV irradiation. The caging group is cleaved, the linear ASO binds to its RNA substrate, 
RNase H is recruited to the duplex, and the RNA is cleaved. Adapted from Tang et al.217 

 

Tang et al. synthesized an antisense oligonucleotide with a 5′ 1-(2-nitrophenyl)-1,2-

ethanediol phosphoramidite with a terminal carboxylic acid residue and a 3′ amine that was 

cyclized to form a circular antisense agent.217 Subsequent thermal denaturation studies and 

gel shift assays indicated that the optimal oligonucleotide length is 20 nucleotides to prevent 

binding to its complementary RNA. UV irradiation linearizes the antisense agent, binds to 

the RNA and the RNA is degraded through an RNase H mediated mechanism.  

We thought that we could improve upon this system and apply this technology to 

regulated gene expression in mammalian cells and also in model organisms such as zebrafish 

and Xenopus embryos. A phosphorothioate DNA antisense sequence with a 5′ C6 amino and 

a 3′ thiol modification (Alpha DNA) targeting Renilla luciferase was used in the synthesis of 

a cyclic antisense agent. The 3′ thiol of the ASO will selectively react with a maleimide 

alkyne 2  (synthesized by Dr. Andrew McIver, Deiters Lab) to produce the 5′amino-alkyne 

DNA 3 . A succinimide-azide caging group, synthesized by Dr. Andrew McIver, 4  will be 

reacted with the 5′ amino-alkyne DNA to make the linear azide-alkyne DNA 5 . The 5′ 

alkyne and the 3′ azide will then be subjected to a CuI-mediated Huisgen 1,3-dipolar 
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cycloaddition (“click”) reaction, forming the cyclic DNA structure 6 .218 The circular caged 

antisense agent will then be transfected into mammalian cells and only after UV irradiation 

should the circular ASO be cleaved and the linear antisense agent 7  can bind to its target 

mRNA suppressing Renilla luciferase expression (Scheme 3.11). 

 

 
 
Scheme 3.11 . Synthesis and photo-activation of cyclic DNA antisense agents. 

 

The non-modified amino-DNA-thiol was reacted with the maleimide alkyne 2  in PBS 

(pH 7.5): DMSO (2:1) for 2 h at room temperature and the reaction was monitored by HPLC. 

The amino-DNA-thiol was completely reacted with the maleimide alkyne, as determined by 

the disappearance of the peak for the amino-DNA-thiol at 9.1 min (Figure 3.30). The peak at 

10.9 min corresponds to the maleimide alkyne and the new peak at 8.6 min represents the 

amino-alkyne modified DNA. 
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Figure 3.30.  HPLC analysis of amino-thiol DNA reacted with maleimide alkyne. (A) 
Amino-DNA-thiol (B) Maleimide alkyne. (C) Amino-DNA-alkyne reaction mixture.  

 

The amino-DNA-alkyne reaction was purified by reverse phase HPLC, isolating the 

8.9 min peak and was concentrated using a speed vac. The amino-modified DNA was then 

reacted with 4  in DMSO:PBS (pH 8) (1:2) for 4 h at 30 °C. The reaction mixture was then 

washed with ether and the DNA was precipitated from ethanol to remove excess organic 
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reagents. The isolated material was then analyzed by HPLC; however, we were unable to 

identify the linear azide-DNA-alkyne peak, with multiple peaks displayed on the 

chromatogram. We tried to identify the linear azide-DNA-alkyne by collecting each peak, 

concentrating with the speed vac, and then irradiating the samples at 365 nm on the 

transilluminator up to 10 min. However, no change to the material was observed during 

HPLC re-analysis. Additionally, the cycloaddition reaction was performed using the crude 

material, but was unsuccessful. Next, the same reaction mixture was analyzed by UV 

shadowing.218 Each peak was again isolated by HPLC, the material concentrated, and 

separated on a 20% PAGE gel. The gel was placed on a TLC plate and visualized with a 

hand-held UV light (254 nm). Using this technique we were still unable to determine the 

identity of each peak from the chromatogram. Through different techniques, the linear or 

cyclic antisense agent was unable to be isolated and further tested in mammalian cell culture.  

 

3.5.4 Attempts Toward the Photo-Activation of a Circular Morpholino Oligomer 

At approximately the same time, two studies were published that used cyclized morpholinos 

to photoregulate gene function in zebrafish embryos. In one study, Wang et al. used a solid 

support resin to introduce a primary amine and carboxylic acid onto the morpholino.219 The 

morpholino was then cleaved, cyclized, and evaluated in zebrafish embryos. Additionally, 

Yamazoe et al. demonstrated that circular morpholino oligos could be used to modulate gene 

function in zebrafish embryos.220 A commerically available morpholino with 5′ amine and 3′ 
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alkyl disulfide modifications was reacted with the photocleavable linker 8  containing both N-

hydroxysuccinimide ester and a chloroacetamide functional groups (Scheme 3.12). 

 

 
Scheme 3.12.  Synthesis of cyclic morpholinos. Adapted from Chen et al.220 

 

 We wanted to improved upon this system using a longer wavelength caging group to 

prevent potential toxic effects of short wavelength irradiation.34 A coumarin caging group 

has previous been shown to undergo photolysis at 405 nm.31 We envisioned using a shorter 

photocleavable linker that would be cleaved using 405 nm light to activate the MO. A 

coumarin-succinimide-maleimide linker 9  was synthesized by Qingyang Liu (Deiters Lab) 

that would react with a commercially available MO modified with a 5′ amine and a 3′ 

alkylthiol to form the cyclic MO ring (Scheme 3.13). 
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Scheme 3.13.  Synthesis of cyclic morpholino using a coumarin succinimide maleimide 
linker.  The maleimide linker was synthesized by Qingyang Liu (Deiters Lab). 

 

The synthesis commenced by reacting the coumarin succinimide maleimide linker 9  

with the commerically available EGFP MO modified with a 5′ amine and 3′ alkyl thiol (5′ 

NH2-ACAGCTCCTCGCCCTTGCTCACCAT-SSR, GeneTools) in the presence of sodium 

borate buffer (0.1M, pH 8.5). The reaction was then analyzed by reverse phase HPLC at 265 

nm for the MO oligo and at 388 nm for the coumarin linker (Figure 3.31). The MO oligo 

elutes at 11.6 min (Figure 3.31A, 265 nm), while just the coumarin-succinimide-maleimide 

linker 9 elutes at 15.6 min (Figure 3.31B, 388 nm). The purified product showed a 

significant shift in the chromatogram at 12.5  min compared to both the MO oligo and the 

coumarin linker (Figure 3.31C, 388 nm). We reasoned that this peak was the linear MO oligo 

with a conjugated coumarin linker.  

Next, the linear product was cyclized by reducing the disulfide bond on the 3′ 

terminus of the MO oligo with gel immobilized TCEP (Thermo Scientific). The cyclized 
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reaction mixture was analyzed by reverse phase HPLC, but no cyclized product was detected. 

Additionally, melt curve analyses and gel shift assays were also conducted, but no 

confirmation of a cyclized MO was detected.  
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Figure 3.31. HPLC Analysis of linear coumarin conjugated MO oligomer. (A) 5′ NH2-
MO Oligo-SSR, 265 nm UV detection. (B) Coumarin-succinimide-maleimide linker 9 , 388 
nm UV detection. (C) Linear MO oligo conjugated to coumarin linker, 388 nm UV detection. 
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We reasoned that the cyclization might not occur due to the short length of the linker. 

Therefore, a new linker was synthesized with a chloroacetamide functional group instead of a 

maleimide and a longer alkyl chain (Scheme 3.14). In a similar manner as stated above, the 

synthesized coumarin-succinimide-chloroacetamide linker 10  was reacted with the 

commercially available EGFP MO modified with a 5′ amine and 3′ alkylthiol in the presence 

of sodium borate buffer (0.1M, pH 8.5). Next, the linear product was cyclized by reducing 

the disulfide bond on the 3′ terminus of the MO oligo with gel immobilized TCEP. The 

cyclized product was analyzed by mass spectrometry for confirmation of the desired product; 

however, this was not obtained. We have recently sent this linker to James Chen’s Lab at 

Stanford University and it was successfully applied in an MO cyclization reaction. Further 

studies are underway to investigate the photoactivation of the cyclic MO in zebrafish 

embryos.  
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Scheme 3.14.  Synthesis of a cyclic morpholino oligomer with a coumarin-succinimide-
chloroacetamide linker 10 . The coumarin linker was synthesized by Qingyang Liu (Deiters 
Lab). 
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3.6 Photochemical Activation of RNA Interference in Mammalian Cells 

3.6.1 Introduction 

Another important tool in the study of gene function is RNA interference (RNAi). Similar to 

antisense agents, RNAi targets transcribed mRNAs to silence gene expression. However, 

antisense agents and small interfering RNAs (siRNAs) act through fundamentally different 

gene silencing mechanisms. As discussed previously, antisense agents inhibit translation 

either through steric hindrance or through an RNase H-mediated pathway. RNAi proceeds 

through a dedicated RNAi pathway in which double-stranded RNA is cleaved by the enzyme 

Dicer into 21–23 nucleotide oligos, which are referred to as siRNAs (Figure 3.32). The 

siRNA is then loaded into the RNA-Induced Silencing Complex (RISC). RISC is composed 

of many different protein subunits; however, arguably, the most important subunit is 

argonaute, which cleaves the mRNA. Once bound, the siRNA unwinds and the sense strand 

is cleaved and leaves the complex. While bound to RISC, the antisense strand can base-pair 

with its complementary mRNA sequence forming an RNA:RNA duplex. The formation of 

this duplex, signals to argonaute to cleave the target mRNA, effectively inhibiting gene 

expression. 221-223  
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Figure 3.32.  The siRNA pathway in mammalian cells. dsRNAs are cleaved by Dicer into 
21-23 nucleotides that are referred to as siRNAs. The siRNAs are loaded into the RISC 
where the sense strand is unwound and further degraded. In RISC, the antisense strand binds 
to its complementary mRNA target sequence and the mRNA is cleaved by argonaute and is 
subsequently degraded. Adapted from Roche Applied Science.224 

 

It was found that synthetic siRNA can be transfected into mammalian cells without 

stimulating an immune response.225, 226 Synthetic siRNAs are synthesized with 2-

deoxythymidine nucleotide overhangs to enhance the overall efficiency of the siRNA, while 

mimicking the 2 nucleotide overhang of endogenous siRNAs that are cleaved by Dicer.225, 227 

Synthetic siRNAs are transfected or injected into cells and upon entrance into RISC, the 5′ 

phosphate of the antisense strand is bound within the PIWI domain of argonaute.228 The 
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catalytic domain of argonaute subsequently cleaves the sense strand, which is then removed 

from RISC. Structural studies have shown that the anchored antisense strand remains in a 

helical conformation within RISC.229 This exposes the seed region, nucleotides 2-8, to site-

specifically bind to the mRNA target, providing the basis for target site recognition. Since 

siRNAs are completely complementary to the mRNA target (in contrast to miRNAs) and due 

to the anchored 5′ phosphate of the antisense strand, the mRNA is cleaved at nucleotides 10-

11 of the antisense strand by the catalytic subunit of argonaute, followed by further 

degradation outside of RISC.230 Through kinetic studies of RISC, it was concluded that the 

A-form helix of the siRNA within RISC is essential for siRNA activity.231 The introduction 

of a mismatched nucleotide into the antisense strand creates a “bulge” within the siRNA and 

can render the siRNA completely inactive due to the structural distortion of the A-form 

siRNA.232 Consequently, the maintenance of this structural motif for mRNA recognition is a 

viable target for a caging strategy. 

Recently, different caging approaches have been applied to the regulation of siRNA 

function. For example, Friedman et al. incorporated sterically demanding cyclo-dodecyl-4,5-

dimethoxy-2-nitrophenylethyl (CD-DMNPE) groups at each termini of the siRNA (Figure 

3.33A).233 This rendered the siRNA molecule inactive, until UV irradiation restored 80% of 

gene silencing activity. The 4,5-dimethoxy-2-nitrophenylethyl (DMNPE) caging group was 

also incorporated non-specifically throughout 2′ fluoro siRNA (siFNA) for improved 

stability and photochemical control over siRNA activity (Figure 3.33B).234 The DMNPE-

caged siFNAs did not show full inhibition of siRNA function, and siRNA activity could not 

be completely restored through UV irradiation. Moreover, a 2-(2-nitrophenyl)propyl (NPP) 
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caged deoxyguanosine nucleotide was incorporated into the antisense strand of siRNA to 

regulate siRNA function (Figure 3.33C).235 By incorporating the NPP-caged deoxyguanine at 

nucleotides 9-11 within the antisense strand of the siRNA, its RNA interference activity was 

reduced to 10%. However, some instability of the caging group was observed, as siRNA 

activity returned after a 28 h incubation in cell culture kept in the dark. 

 

 
Figure 3.33.  Recent examples of photocaged siRNA (A) CD-DMNPE-caged terminal 
phosphate on siRNAs, (B) DMNPE-caged 2′-fluoro siRNA, and (C) NPP-caged 
deoxyguanosine. Base = uracil, adenine, cytosine, or guanine. 

 

Here, we report the first synthesis of NPOM (6-nitropiperonyloxymethyl) caged 

guanosine and uridine phosphoramidites and their site-specific incorporation into siRNA 

reagents that are composed of ribonucleic acids at the caging sites. The caged siRNA is 
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expected to be functionally inactive and not silence gene expression until a brief UV 

exposure removes the caging groups and activates the siRNA reagent resulting in gene 

silencing (Scheme 3.15). We initially tested the light-activation of siRNAs with a green 

fluorescent protein (GFP) reporter as a proof-of-concept, but subsequently demonstrated the 

light-activation of endogenous Eg5 silencing. Eg5 is a mitosis motor protein involved in 

spindle formation and movement in cell division.188, 226, 236 The inhibition of Eg5 leads to a 

binucleated cell phenotype.187 This, for the first time, demonstrated the applicability of light-

activated RNAi in the silencing of an endogenous gene. 

Multiple sites within a siRNA reagent are conceivable targets for the installation of a 

caging group to optochemically regulate its function. We selected two different sites for the 

introduction of our NPOM-caged nucleotides: 1) within the seed region of the siRNA 

(nucleotides 2-8, Scheme 3.15A) and 2) surrounding the argonaute cleavage site of the 

siRNA bound to RISC (nucleotides 9-11, Scheme 3.15).231 The seed region of the small non-

coding RNA is an important motif found in both siRNAs and miRNAs, guiding the reagents 

to their target mRNAs. However, a major difference between both classes of gene silencing 

agents is that miRNAs do not cleave their target mRNA due to the typically incomplete 

sequence complementarity between the miRNA and its target, but rather suppresses the 

translation of the target gene.237 In contrast, RNA cleavage by argonaute commonly occurs in 

the case of perfect homology between siRNA and mRNA target sequences.238, 239 For this 

reason, the introduction of caging groups within the seed region is an attractive tool not only 

for the light-regulation of siRNAs but also miRNAs. The generation of both NPOM-caged 

guanosine and NPOM-caged uridine building blocks affords the needed flexibility for 
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sequence selection for caging group installation. The site-specific installation of NPOM-

caged nucleotides at specific positions allowed us to confirm that base-pairing at these 

nucleotides with the mRNA target is essential for siRNA activity and therefore represents a 

general approach to the generation of light-activated siRNAs.  

 

 

Scheme 3.15.  Light-activation of siRNA. Caged nucleotides are positioned in the (A) seed 
region or (B) near the cleavage site of the siRNA agent, leading to gene expression. Upon 
UV irradiation, the caging groups are cleaved resulting in the silencing of gene expression 
through RNA interference. 

 

3.6.2 Polymerization and Hybridization of NPOM-caged siRNA Reagents 

In order to site-specifically incorporate caged RNA nucleotides into siRNA reagents, caged 

guanosine and uridine RNA phosphoramidites were synthesized by Douglas Young, 

Qingyang Liu, and Hrvoje Lusic (all Deiters Lab). Caged antisense strands were synthesized 

by incorporating the NPOM-caged nucleotides into synthetic siRNAs using standard RNA 
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synthesis conditions on an Applied Biosystems DNA/RNA synthesizer. Based on Chiu and 

Rana’s chemical modification study of siRNAs, 235, 240 caged RNA phosphoramidites were 

incorporated into positions flanking the site of mRNA cleavage, nucleotides 9-11 (Table 3.6).  

 

Table 3.6. Sequences and melting temperatures of caged siRNAs. Bold G denotes a 
NPOM-caged guanosine nucleotide, and a bold U  denotes a NPOM-caged uridine 
nucleotide. Standard deviations were calculated form three individual experiments. NPOM-
caged guanosine was synthesized by Hrjove Lusic and NPOM-caged uridine was synthesized 
by Doug Young & Qingyang Liu (all Deiters Lab). Caged siRNAs were synthesized by the 
Lively Lab (Wake Forest University). 
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Based on previous studies, we hypothesized that the caged nucleobase creates a bulge 

within the siRNA/mRNA duplex by site-specifically inhibiting Watson-Crick base-pair 

formation without completely preventing hybridization of the two strands.235, 240 This 

perturbation of the A-form conformation of the RNA interferes with the argonaute cleavage 

mechanism. In an alternate approach, caged uridine nucleotides were installed within the 

seed region,229 nucleotides 2-8, of the siRNA in order to prevent recognition of the target 

mRNA. In all cases the caged siRNA sequences were designed to still maintain an RNA 

duplex with their complement at 37 °C, as confirmed by melting temperature measurements 

(Table 3.6, Figure 3.34). The non-modified GFP siRNA duplex exhibits a Tm of 76 °C. The 

addition of a single caged guanosine nucleotide at position 10 of the antisense strand CGFP-

1, displayed a Tm of 62 °C, 14 °C lower than the non-caged GFP siRNA duplex. Therefore, 

while hybridization was observed, the RNA duplex was slightly perturbed resulting in a  

decreased in Tm. When two caged guanosine nucleotides were installed at positions 9 and 11 

of the antisense strand CGFP-2, a similar effect was observed and the Tm decreased to 59 °C. 

The incorporation of caged uridine nucleotides within the seed region did not affect the 

melting temperature to the same extent as the incorporation of caging groups closer to the 

center of the RNA antisense strand. For example, installation of the NPOM-caged uridine at 

nucleotide 5 in CGFP-3, led to a Tm of 70 °C, only 6 °C lower than the non-caged GFP 

siRNA. The incorporation of two caged uridine nucleotides at positions 5 and 6 in the 

antisense strand CGFP-4 provided a Tm of 67 °C, indicating that the addition of a second 

caging group in the seed region only minimally induces further disruption of hybridization of 

the entire 19-mer. These results are comparable to previously examined caged double-
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stranded oligonucleotides20 and all synthesized siRNA duplexes maintained hybridization at 

37 °C. As expected, UV-induced caging group removal yielded double stranded RNAs that 

displayed increased melting temperatures comparable to the Tm of non-caged GFP siRNA 

(Table 3.6).  
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Figure 3.34.  Melt curves of caged GFP siRNA molecules. siRNAs (0.5 µM) were 
incubated in sodium phosphate buffer (150 mM NaCl, 50 mM NaH2PO4, pH 7.4). The 
absorbance was measured at 260 nm on a UV/Vis spectrometer. Error bars represent standard 
deviations from three independent experiments. 
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In a design strategy following the GFP siRNA, NPOM-caged uridine 

phosphoramidites were incorporated at the cleavage site and the seed region of the antisense 

strand of the Eg5 siRNA and melting temperatures were measured to ensure hybridization 

(Table 3.6, Figure 3.35). The installation of a single caging group at nucleotide 11 of the 

antisense strand CEg5-1 resulted in a Tm of 58 °C, displaying only a 7 °C decrease in Tm 

compared to the Eg5 siRNA, which had a Tm of 65 °C. The incorporation of two NPOM-

caged uridine residues at nucleotides 8 and 11 in CEg5-2 resulted in a Tm of 48 °C. 

Introduction of a single NPOM-caged uridine nucleotide within the seed regions of CEg5-3 

and CEg5-4 resulted in a Tm of 59 °C and 64 °C, respectively. The installation of two 

NPOM-caged uridine nucleotides within the seed region of the siRNA (CEg5-5), led to a Tm 

of 58 °C. As observed for the GFP siRNA reagents, the presence of NPOM-caged uridine 

nucleotides in the Eg5 siRNA sequence resulted in only a slight perturbation of the 

RNA:RNA duplex structure without loss of hybridization at 37 °C. After UV irradiation, the 

caging groups are removed and increased melting temperatures, comparable to that of the 

non-caged Eg5 siRNA, were observed. No significant differences in Tm were observed for 

the nucleobase-caging of uridine versus guanosine, supporting the generality and 

predictability of our oligonucleotide light-activation approach. 
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Figure 3.35.  Melt curves of caged Eg5 siRNA molecules. siRNAs (0.5 µM) were 
incubated in sodium phosphate buffer (150 mM NaCl, 50 mM NaH2PO4, pH 7.4). The 
absorbance was measured at 260 nm on a UV/Vis spectrometer. Error bars represent standard 
deviations from three independent experiments. 
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3.6.3 Light-Activation of siRNA Reagents Targeting GFP 

In order to test the activity of the caged siRNAs in mammalian cell culture, we first targeted 

the reporter gene GFP and employed DsRed as a transfection control for fluorescent signal 

normalization. Human embryonic kidney (HEK) 293T cells were co-transfected with 

pEGFP-N1, pDsRed-N1 monomer, and the corresponding caged and non-caged duplex 

siRNA. After transfection, the cells were either irradiated for 5 min (365 nm, 25 W) or kept 

in the dark, followed by incubation for 48 h. The cells were then imaged and GFP and DsRed 

expression was quantified using flow cytometry. The number of cells expressing both GFP 

and DsRed was normalized to cells expressing only DsRed. A scrambled siRNA was used as 

a negative control (CNTRL) and as expected showed no inhibition of GFP expression 

(Figure 3.36A and G, Figure 3.37). Cells treated with the GFP siRNA (positive control) 

displayed a 90% reduction of GFP expression (Figure 3.36B). In the presence of the single 

NPOM-caged guanosine nucleotide in CGFP-1, 82% GFP expression was observed (Figure 

3.36C), indicating that the caged siRNA reagent was inactive due to the presence of the 

caging group close to the argonaute cleavage site. The incorporation of two caged guanosine 

nucleotides in CGFP-2 resulted in complete inhibition of siRNA activity prior to irradiation, 

as GFP expression levels identical with the negative control were observed (Figure 3.36D). 

After a brief irradiation with UV light (365 nm), the caging groups were removed, activating 

CGFP-1 and CGFP-2, and resulting in the silencing of GFP expression to approximately 

20%-30% of native levels (comparable to the non-caged analogs). Thus, by installing the 

NPOM-caged guanosine nucleotides within the central region of the siRNA duplex, mRNA 
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silencing by argonaute was inhibited until light-induced removal of the caging group(s), 

effectively creating UV-activated siRNA reagents.  
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Figure 3.36 . Photoactivated RNA interference in mammalian cells. HEK 293T cells were 
transfected with pEGFP-N1, pDsRed-N1 monomer, and siRNA oligonucleotides. Cells were 
irradiated for 5 min (25 W, 365 nm) or kept in the dark. (A-F) Cells were imaged after 48 h. 
The GFP channel is shown next to the left of the DsRed channel. (G) Quantitative GFP 
expression of caged siRNA activation by FACS analysis. The number of cells expressing 
both GFP and DsRed was normalized to the number of cells expressing only DsRed. 
Standard deviations were calculated from three individual experiments. 
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 The seed region of non-coding RNAs like siRNAs and miRNAs is essential in the 

recognition of their target genes.241 Therefore, NPOM-caged uridine nucleotides were 

introduced within the seed region of siRNAs to determine if this approach is also viable for 

the development of light-activatable siRNAs by specifically disrupting the siRNA:mRNA 

interaction and not necessarily the mRNA-cleavage activity of RISC. Having two validated 

approaches to the light-regulation of RNA interference will provide greater flexibility in the 

design and synthesis of caged non-coding RNA reagents and will allow for the generation of 

light-activated RNA molecules that do not rely on argonaute cleavage, e.g., miRNAs. 

Gratifyingly, the caged siRNA duplex CGFP-3, bearing one caged uridine in the seed region, 

was virtually inactive in HEK 293T cells as 82% of GFP expression was observed (Figure 

3.36E, Figure 3.37). Upon addition of a second caging group in CGFP-4, complete 

inactivation of siRNA activity was observed, identical to the negative control siRNA (Figure 

3.36F). After UV exposure, the silencing activity of the siRNAs was restored with only 19% 

and 36% GFP expression observed for CGFP-3 and CGFP-4, respectively (Figure 3.36G). 

These results indicate that two different caging approaches – installation of caging groups 

close to the argonaute cleavage site or in the RNA seed region – can be used to generate 

light-activated siRNA reagents with excellent “off” to “on” switching ratios, resembling 

those of negative and positive control reagents. 
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Figure 3.37.  Representative FACS plots of the light activation of caged GFP siRNAs. 
HEK 293T cells were transfected with pEGFP-N1, pDsRed-N1 monomer, and siRNA 
oligonucleotides. Cells were irradiated for 5 min (25 W, 365 nm) or kept in the dark. After a 
48 h incubation, the cells were trypsinized and analyzed by flow cytometry.  
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Additionally, an irradiation time course was performed in hope of achieving further 

inhibition of GFP expression, however, no difference in GFP expression was observed 

between a 5 min and a 10 min irradiation (Figure 3.38). Therefore, for the rest of the study, a 

5 min UV irradiation was used to achieve optimal siRNA activation with minimal exposure 

to UV light.  
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Figure 3.38.  Irradiation time course with caged GFP siRNA reagents. HEK 293T cells 
were transfected with pEGFP-N1, pDsRed-N1 monomer, and siRNA oligonucleotides. Cells 
were irradiated for 2, 5, or 10 min (25 W, 365 nm) or kept in the dark. (A-D) Cells were 
imaged after 48 h. The GFP channel is shown above of the DsRed channel. 
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3.6.4 Light-Activation of siRNA Reagents Targeting Eg5 

Next, the light-activation of caged siRNA reagents targeting the endogenous Eg5 gene was 

tested in mammalian cell culture. HeLa cells were transfected with the caged Eg5 siRNAs,222 

and the cells were either briefly irradiated with UV light (5 min, 25 W, 365 nm) or kept in 

the dark. After a 48 h incubation, the cells were fixed, stained with Alexa Fluor 488 

phalloidin (to label actin filaments) and DAPI (to label nuclei), and imaged by confocal 

microscopy. The negative control siRNA sequence displayed no obvious change in 

phenotype (Figure 3.39A) in the presence or absence of UV irradiation. As expected, Eg5 

siRNA transfected cells led to a binucleated phenotype due to Eg5 silencing and cell cycle 

arrest within mitosis,222, 242 with most cells showing 2-3 nuclei (Figure 3.39B). CEg5-1 and 

CEg5-2 containing NPOM-caged uridine nucleotides within the central argonaute-cleavage 

region of the siRNA displayed a phenotype identical to the negative control when kept in the 

dark, indicating that the caged Eg5 siRNA reagents are functionally inactive (Figure 3.39C 

and D). After a brief irradiation (5 min, 25 W, 365 nm), binucleated cells were observed, 

demonstrating a phenotype identical to cells treated with the Eg5 siRNA positive control. 

This indicates that the siRNA reagents were optochemically activated for suppression of Eg5 

expression. Moreover, the incorporation of a single caged NPOM-caged uridine nucleotide 

within the seed region, as in CEg5-3 and CEg5-4, functionally inactivated the siRNA leading 

exclusively to a normal cell phenotype (Figure 3.39E and F, respectively). Upon irradiation, 

the Eg5-knockdown phenotype was observed, as a result of light-activation of the siRNA 

molecules. As expected, the introduction of a second NPOM-caged uridine nucleotide within 

the seed region of CEg5-5 also fully inactivated the siRNA (Figure 3.39G), and activity was 
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again restored through UV exposure. These results demonstrate, for the first time, the 

application of light-activated RNAi in the silencing of an endogenous gene. 

 

  
Figure 3.39.  Photochemical activation of Eg5 siRNA in HeLa cells. HeLa cells were 
transfected with caged and non-caged siRNAs (40 pmol). The cells were irradiated (5 min, 
25 W, 365nm) and incubated at 37 °C, 5% CO2 for 48 h. (A-G) The cells were fixed and 
stained with Alexa Fluor 488 phalloidin and DAPI. The cells were imaged on a Zeiss LSM 
710 confocal microscope using a 40x oil objective and Alexa Fluor 488 and DAPI specific 
lasers (488 nm multiline argon and 405 nm diode laser).  
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In order to quantify the optochemically induced Eg5 gene silencing, total RNA 

isolated from cells transfected with the corresponding siRNAs and either irradiated or kept in 

the dark was subjected to quantitative real-time PCR (qRT PCR) analysis.188 Eg5 expression 

was normalized to the endogenous housekeeping gene GAPDH and the inactive, negative 

control siRNA was set to 100%. In agreement with the previous phenotypic observations, the 

negative control siRNA (CNTRL) did not inhibit Eg5 expression while the Eg5 positive 

control siRNA silenced expression to 8% (Figure 3.40). The incorporation of an NPOM-

caged uridine nucleotide within the central argonaute-cleavage region of the siRNA (CEg5-

1) renders the siRNA mostly inactive with 74% Eg5 expression detected. The addition of a 

second caged nucleotide within this region (CEg5-2) completely inactivates the siRNA, with 

98% Eg5 expression observed. UV irradiation restores Eg5 siRNA activity of both CEg5-1 

and CEg5-2 to the same extent, with only 24% Eg5 mRNA levels detected. The introduction 

of NPOM-caged uridine nucleotides within the seed region of the siRNA, as in CEg5-3 and 

Eg5-4, also led to the inactivation of the siRNA with 79% and 91% of Eg5 expression 

observed, respectively. After a brief UV irradiation, the caging groups are cleaved, activating 

the siRNA, and leading to the inhibition of Eg5 with only 18% and 24% of residual Eg5 

expression observed for CEg5-3 and CEg5-4, respectively. CEg5-5 follows a similar trend 

with 87% Eg5 expression prior to UV irradiation, indicating a virtually inactive siRNA 

agent, and restoration of Eg5 silencing to native levels through irradiation, with only 8% Eg5 

expression detected after UV exposure.  
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Figure 3.40 . Quantification of photoactivation of Eg5 siRNA. HeLa cells were transfected 
with siRNAs, and after 48 h incubation, the RNA was extracted and qRT PCR analysis was 
performed. Eg5 expression was normalized to the expression of the GAPDH housekeeping 
gene, and the negative control was set to 100% Eg5 expression.  Error bars represent 
standard deviations from three independent experiments. 

 

3.6.5 Conclusion 

The development of light-regulated siRNA molecules affords precise activation of RNA 

interference with widespread applications involving the regulation of gene function and 

expression. Here, we set out to achieve full inactivation of siRNA function using a robust 

nucleobase-caging technology and demonstrate that this methodology can be applied to the 

optochemical regulation of both exogenous and endogenous genes in mammalian cells.  

In order to achieve this goal, synthetic routes to two new NPOM-caged 

phosphoramidites, the caged uridine and the caged guanosine phosphoramidites were 

developed. Guided by the established RNAi mechanism,243 siRNA sequence analysis,240 and 

RISC structural studies,230 the two phosphoramidites were site-specifically incorporated at 

defined residues within siRNA oligonucleotides. By installing caged uridine nucleotides 
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within the seed region of the siRNA molecule (nucleotides 2-8), it was expected that the 

caging groups would suppress the recognition of the target mRNA while maintaining 

stability of the siRNA duplex under physiological conditions. In addition, several studies 

have shown that base-pair mismatches and chemical modification at nucleotide positions 10-

11 of a siRNA antisense strand diminishes RNAi activity.232, 240, 244 Thus, NPOM-caged 

guanosine and uridine nucleotides were introduced within the central, argonaute-cleavage 

region of different siRNA reagents.  

Melting temperatures of the caged oligonucleotides with their complementary 

sequences were measured in order to determine that the placement of the caging groups will 

inhibit only essential RNA:mRNA hydrogen bonding interactions or protein function within 

RISC, but does not prevent hybridization of the siRNA duplexes. The introduction of only 

one to two caging groups does not prevent RNA:RNA hybridization at physiological 

temperatures, and only slightly lowers the melting temperatures of the 19 nucleotide siRNA 

duplexes by 1-14 °C (see Table 3.6). A larger decrease in Tm is observed when the caging 

group is placed within the central region of the duplex, compared to placement closer to an 

oligonucleotide terminus, in agreement with previous studies on caged DNA:DNA 

duplexes.20  

The caged siRNA molecules were subsequently tested in mammalian cell culture for 

the photoregulation of GFP reporter expression. The installation of 1-2 NPOM-caging groups 

within the central region of the siRNA, CGFP-1 and CGFP-2, completely inhibited siRNA 

activity (2-17%). Furthermore, brief UV irradiation restored siRNA function to 75-80% 

when compared to the negative control siRNA reagent (see Figure 3.36). This is in agreement 
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with a previous study, which incorporated a NPP-caged deoxyguanosine nucleotide within 

the same central region of the siRNA.235 Therefore, by incorporating the caged nucleotide at 

positions 9-11 of the antisense strand, siRNA function can be silenced by preventing the 

cleavage mechanism within the RISC complex. 

 Caging the central region of the siRNA is an excellent strategy to control siRNA 

function with light; however, not all siRNAs induce RNA cleavage 238 and caging the seed 

region may provide a more universal approach to the optochemical regulation of non-coding 

RNA function. Thus, in a second light-regulation approach, NPOM-caged nucleotides were 

synthetically introduced within positions 2-7 of the seed region of the siRNA sequences (see 

Table 3.6). The presence of 1 or 2 caging groups within the seed region inhibited RNAi 

activity until UV irradiation removed the caging groups and restored active siRNA 

molecules. For example, CGFP-3 siRNA shows excellent photoswitching ability from an 

inactive siRNA molecule to an active siRNA reagent through UV exposure, inducing gene 

silencing comparable to a non-caged GFP siRNA. The caged nucleotides were also 

incorporated into a siRNA reagent targeting an endogenous gene, Eg5. The photoactivation 

of Eg5 inhibition confirmed the findings from the GFP reporter studies and demonstrates for 

the first time that these photochemical tools can be used for the regulation of endogenous 

genes.  

Interestingly, Mikat et al. previously reported an NPP-caged deoxyguanosine 

nucleotide that was incorporated at the third position of the antisense strand (within the seed 

region) of GFP siRNA without observing an inhibition or photoactivation of siRNA 

activity.235 This is in contrast to the findings presented here where the incorporation of an 
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NPOM-caged uridine at the fourth and fifth positions of the antisense strand (CGFP-3 and 

CGFP-4) resulted in 80-90% inhibition of siRNA activity. In addition, the caging groups on 

the siRNA duplexes maintain stability for at least 48 h, in contrast to previously reported, 

less stable caged siRNAs that regain activity after a 28 h incubation in mammalian cells.235 

The difference in the caged siRNA activity may be the result of various reasons including the 

use of different caging group structures and the installation of the caging groups on actual 

RNA nucleotides rather than DNA nucleotides. 

In summary, we have developed light-activated siRNA reagents through the site-

specific introduction of nucleobase-caged RNA nucleotides into siRNAs. Two new NPOM-

caged RNA phosphoramidites were synthesized and were successfully incorporated into 

RNA using automated solid-phase oligonucleotide synthesis. Hybridization studies showed 

that the presence of 1 or 2 caging groups led to a slightly lower melting temperature of the 

siRNA duplex but did not prevent RNA:RNA hybridization. The activity and light-regulation 

of the caged siRNAs were assayed with a reporter gene, GFP, and an endogenous gene, Eg5. 

Through the incorporation of 1 or 2 caging groups within the central nucleotides 8-11 of the 

antisense strand of the siRNA, the siRNA reagent was rendered completely inactive, 

presumably due to the temporary blocking of argonaute function.245 However, after 

irradiation, the caging groups were removed and the siRNA were fully functional, leading to 

efficient gene silencing in mammalian cells. A second caging strategy, that incorporates 

caged RNA nucleotides into the seed region of siRNAs, can easily be adapted to the 

optochemical control of miRNAs, as those also rely on the seed region for recognition of the 

target mRNAs but do not induce argonaute-catalyzed mRNA cleavage.230 The light-
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activation strategy presented is not only expected to allow for silencing of a wide range of 

genes in mammalian tissue culture, but also in multicellular organisms with a functional 

siRNA or miRNA pathway, such as plants,246 C. elegans,247 drosophila,248 and mice.249  

 

3.6.6 PEGylation of siRNAs 

siRNAs have the potential to be excellent therapeutics due to their high specificity for mRNA 

gene targets. There are several companies that are developing siRNAs as therapeutics 

including Alnylam Pharmaceuticals, Quark Pharmaceuticals, Sirna Therapeutics, and 

GlaxoSmithKline. The development of a siRNA therapeutic is limited because there is not a 

reliable method to orally deliver the siRNA to the targeted area of the body. Most of the 

therapeutic siRNAs that are entering Phase I clinical trials are delivered topically,250 by 

inhalation (respiratory infections)251 or by injection (eye tissue, central nervous system and 

directly into tumors).252 In addition to poor delivery methods, there are some other downfalls 

to siRNA therapeutics, including, enzymatic degradation, poor cellular uptake, and high 

concentration of siRNAs which can activate an immune response.148 PEGylation (2-5K PEG 

groups) can improve the stability of siRNAs by preventing exonuclease degradation and may 

increase the cellular uptake of siRNA.132, 148 

We hypothesized that PEGylation with a larger PEG group (5K to 20K PEG) of a 

siRNA molecule will cause the inactivation the siRNA by preventing entrance into RISC.  

The siRNA would be PEGylated on the terminus of the siRNA through reaction of an amine-

modified siRNA with an N-hydroxysuccimide PEG group. The PEGylated siRNA would 



 

191 

then be assessed in cell culture. If the PEGylated siRNA is inactive, due to steric hindrance 

of the siRNA, then the photoregulation of siRNA function could be achieved through a 

photocleavable PEG group. A photocleavable linker would be installed between the siRNA 

and PEG group so that the PhotoPEGylated siRNA would be inactive when kept in the dark. 

Upon UV irradiation the PEG group would be cleaved, resulting in an active siRNA 

molecule (Scheme 3.16).  

 

 
Scheme 3.16.  Hypothesis of the photo-activation of caged PEGylated siRNA. 

 

PEGylation of the siRNA was conducted with the same PEGylation method that was 

optimized for the PEGylation of antisense agents (See section 3.2). Modified siRNA reagents 

targeting firefly luciferase were synthesized with an amine group on the 3′ terminus of both 

the sense and antisense strands (Table 3.7, Sigma Aldrich).  
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Table 3.7.  Sequence of amino modified firefly luciferase siRNA reagents. 

 

 

First, the siRNA was PEGylated with a non-cleavable PEG group to determine if 

PEGylation inhibits siRNA activity. In general, one strand of the siRNA was radiolabeled 

with 32P-λ ATP, and then slowly annealed. Next the hybridized, radiolabeled siRNA was 

incubated with a 5K or a 20K PEG-NHS in PBS (pH 8) at 30 °C for 4 h (Figure 3.41A). Like 

the antisense agent PEGylation reaction, the reaction also does not go to completion. Thus, 

the PEGylated siRNA was purified by electro-elution. The purified PEGylated siRNA is 

shown below in Figure 3.41B. 
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Figure 3.41.  PEGylation and purification of siRNA reagents. (A) PEGylated reaction with 
3′ amino-modified siRNA (B) Purified PEGylated siRNA. All samples were analyzed on a 
20% native PAGE gel and imaged using a Storm Phosphorimager. Lane 1: sense-NH2 + WT 
antisense. Lane 2: sense-5K PEG + WT antisense. Lane 3: sense-NH2 + WT antisense. Lane 
4: sense-20K PEG + WT antisense. Lane 5: WT sense + antisense-NH2. Lane 6: WT sense + 
antisense-5K PEG. Lane 7: WT sense + antisense-20K PEG. 

 

The PEGylated siRNA reagents were then tested in cell culture. HEK 293T cells were 

transfected with pGL3, pRL-TK, and the modified siRNA. After a 24 h incubation period, 

the cells were lysed and a dual-luciferase assay was performed. For normalization purposes, 

firefly luciferase expression was normalized to Renilla luciferase expression. The siRNA 

targets firefly luciferase, for that reason the Renilla luciferase was used as a transfection and 

cell viability control. As expected, the scrambled negative control does not inhibit firefly 

luciferase expression (Figure 3.42). Additionally, an amino modified siRNA reagent was 

used as a positive control and led to a significant inhibition of luciferase expression. 

However, PEGylation of the siRNA does not block siRNA activity. In all three experiments, 

there was little difference between the amino-modified siRNA and the PEGylated siRNA. 
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PEGylation with the 5K PEG on either the sense (Figure 3.42A) or antisense strand (Figure 

3.42B) does not inhibit siRNA activity. The increase in size of the PEG group from 5K to 

20K PEG, seems to be less active but no statistical difference in siRNA was observed (Figure 

3.42C). Moreover, there was no difference between PEGylation of the sense or antisense 

strands through the 3′ terminus.  

 

 
Figure 3.42.  Transfection of PEGylated luciferase siRNA into HEK 293T cells. HEK 293T 
cells were transfected with luciferase reporter plasmids, pGL3 and pRL-TK and 100 nM 
siRNA using X-tremeGENE. 24 h post-transfection, cells were lysed and a dual luciferase 
assay was performed. Firefly luciferase was normalized to Renilla luciferase gene 
expression. (A)  siRNA PEGylated on the sense strand with 5K PEG. (B) siRNA PEGylated 
on the sense strand with 20K PEG. (C) siRNA PEGylated on the antisense strand with 5K 
and 20K PEG. The negative control is an inverted siRNA sequence and Luc-NH2 is an 
amino-modified firefly siRNA.  
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In summary, siRNA reagents were PEGylated on the 3′ terminus of both the sense 

and antisense strand through an amide coupling of an amine and N-hydroxysuccimide PEG 

group. The activity was evaluated in mammalian cell culture and we concluded that the 

PEGylated siRNA reagents are still fully active, despite the addition of a relatively large PEG 

group (5K-20K) as seen by the inhibition of luciferase expression. Jung et al. recently studied 

the effect of the site of PEGylation and the PEG molecular weight of siRNA-PEG complexes 

on silencing of GFP gene expression.148 The siRNA was PEGylated at all four termini (3′ 

sense, 5′ sense, 3′ antisense, 5′ antisense) and the cellular activity was tested in human 

prostate cancer (PC3) cells. PEGylation at any of the four termini did not hinder the siRNA’s 

activity. In addition, the siRNA still exhibits activity with up to a 10K PEG group. Our 

results are in agreement since gene silencing was observed with the 5K PEGylated siRNA. 

Even with a 20K PEG group, the siRNA was still active. Since no inhibition of siRNA could 

be achieved through PEGylation, there was no foreseeable photoactivation of siRNA activity 

through a photocleavable PEG group, and this project ceased.   
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3.7 Experimental  

3.7.1 Stabilization and Photoregulation of Antisense Agents through PEGylation 

Synthesis and Purification of PEGylated Oligonucleotides.  A 3′ amino-modified 

DNA oligonucleotide (10 µM, Integrated DNA Technologies) was 5′ radiolabeled with 32P-λ 

ATP (MP Biomedicals) using T4 polynucleotide kinase (New England Biolabs). The 5′ 32P–

DNA-NH2 (2 µM) was reacted with N-hydrosuccinimide (NHS) ester PEG (200 µM, Laysan 

Bio, Inc.) in phosphate saline buffer (PBS, pH 8.0) and incubated for 4 h at 30 °C. Due to 

incomplete PEGylation, the PEGylated DNA was gel purified with a 5% native PAGE gel, 

electro-eluted, and concentrated using a Millipore centricon (3000 Da molecular weight cut 

off). The PEGylated DNA was quantified using a standard curve on a 20% denaturing PAGE 

gel, through scanning on a Typhoon FLA 7000 and measuring the band intensities using 

ImageQuantTL.  

Melting Temperature Measurements. The melting temperature (Tm) of each 

PEGylated DNA:RNA duplex was measured using a Cary 100 Bio UV/Vis spectrometer 

with a temperature controller (Varian). The PEGylated DNA antisense agent and RNA 

substrate (0.5 µM) were incubated in buffer (0.15 M NaCl, 0.05 M NaH2PO4, pH 7.2). The 

samples were heated to 100 °C for 2 min, and then cooled to 20 °C at a rate of 2 °C/min, held 

at 20 °C for 5 min, and then heated to 100 °C at a rate of 2 °C/min. Absorbance was recorded 

at 260 nm every 1 °C. The Tm was determined by the maximum of the first derivative of the 

absorbance vs. temperature plot. Standard deviations were calculated from three independent 

experiments.  
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RNase H Assay. The RNase H assay was performed as described by Tang et al.253 with 

the following modifications: PEGylated DNA (10 nM) and RNase H buffer were 

equilibrated, followed by the addition of radiolabeled RNA (32P-γ ATP, 1 µM). The mixture 

was incubated at 37 °C for 20 min, and RNase H (New England Biolabs, 1 U) was added, 

followed by an additional incubation for 1 hr at 37 °C. Samples were analyzed on a 10% 

denaturing PAGE gel and scanned on a Typhoon FLA 7000. 

Photochemical Regulation of Antisense Activity in Mammalian Cells. HEK 

293T cells were passaged into a poly-L-Lys coated 96-well plate, grown to 70% confluency, 

and transfected with pEGFP-N1 (Clontech, 150 ng), pDsRed-monomer (Clontech, 150 ng), 

and antisense agents (25 pmol) using X-tremeGENE siRNA reagent (Roche). pEGFP-N1 

encodes enhanced green fluorescent protein (EGFP) and served as the transfection control. 

pDsRed-monomer encodes a red fluorescent protein (DsRed) and was the targeted gene in 

this study. After 4 h, media was removed, the cells were irradiated on a transilluminator (365 

nm, 25 W), and DMEM media was added. Following a 48 h incubation at 37 °C, 5% CO2, 

the media was removed and the cells were imaged on a Jenco inverted microscope. The cells 

were lysed and the fluorescence was measured on a plate reader (EGFP 485/507 ex/em, 

DsRed 557/585 BioTek Synergy 4 Microplate Reader).  

Spatial Control of Gene Expression in Mammalian Cells. NIH 3T3 cells were 

passaged into a black 96-well plate and grown to 75% confluency, followed by transfection 

with pEGFP-N1 (150 ng), pDsRed-monomer (150 ng), and antisense agent (25 pmol) using 

X-tremeGENE siRNA reagent. After 4 h, the media was removed and half of the well was 
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covered with an aluminum foil mask. The cells were irradiated for 2 min on a 

transilluminator (365 nm, 25 W) and DMEM media was added. Following a 48 hr 

incubation, the media was removed and the cells were imaged on a Zeiss Axio Observer 

inverted microscope (5x magnification objective, filter sets 43 HE DsRed and 38 HE eGFP). 

3.7.2 Light Activation of Gene Expression through a Photocleavable Linker 

Melting Temperature of DNA Antisense Agents. The melting temperature (Tm) of each 

DNA antisense agent hydridized to its RNA complement target was determined by annealing 

the DNA and RNA complement (5 µM) in 0.15 M NaCl, 0.05 M NaH2PO4, pH 7.2 buffer 

and EvaGreen dye (Biotum). The samples were protected from light or irradiated at 365 nm 

with a UV transilluminator for 20 min. The Tm was measured on a Bio-Rad C1000 Touch 

Thermal Cycler, heated from 20 °C to 95 °C, at 1 °C/min, measuring the fluorescence every 

0.2 °C. The Tm was determined by the maximum of the first derivative of the absorbance vs. 

temperature plot. Standard deviations were calculated from three individual experiments.   

Cleavage Assays of DEACM-caged Antisense Agents.  Non-caged and DEACM-

caged antisense agents were 5′ radiolabeled with γ-32P ATP (MP Biomedicals) using 

polynucleotide kinase (New England Biolabs). Radiolabeled antisense agents (250 nM) were 

irradiated for 10 min (365 nm, 25 W UV transilluminator) or kept in the dark. Samples were 

resolved on a 20% denaturing PAGE gel and imaged on a Typhoon FLA 7000 

phosphorimager. The bands were quantified using Imagequant TL. 
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Light-Activation of DsRed Expression in Mammalian Cells. HEK 293T cells 

were passaged into a black 96 well plate and grown to 75% confluency in 24 h. Cells were 

transfected with pEGFP-N1 (150 ng), pDsRed-monomer (300 ng), and non-caged or caged 

antisense agents (50 pmol) using X-tremeGENE siRNA transfection reagent (Roche) 

according to the manufacturer’s protocol. After 4 h, the media was removed and the cells 

were irradiated for 2 min (365 nm, 25 W UV transilluminator). DMEM media was added and 

the cells were incubated for 48 h. The cells were imaged on Zeiss Axio Observer inverted 

microscope (5x magnification objective, filter sets 43 HE DsRed and 38 HE eGFP). 

Spatial Activation of Gene Expression. HEK 293T cells were passaged into a 8-well 

chamber slide and grown to 75% confluency in 24 h. Cells were transfected with pEGFP-N1 

(150 ng), pDsRed-monomer (300 ng), and non-caged or caged antisense agents (50 pmol) 

using X-tremeGENE siRNA transfection reagent (Roche) according to the manufacturer’s 

protocol. After 4 h, the media was removed and replaced with DMEM – phenol red and 

incubated at 37 °C, 5% CO2 for 2 h. The cells were then irradiated using a confocal 

microscope (405 nm diode laser, 40x objective, 70% power, 2 iterations, ~1 min each) within 

2 desired circle areas. After a 48 h incubation, the cells were imaged on Zeiss Axio Observer 

inverted microscope (5x magnification objective, filter sets 43 HE DsRed and 38 HE eGFP). 

3.7.3 Cellular Delivery and Photochemical Activation of Antisense Agents through a 
Nucleobase-Caging Strategy 

Synthesis of PNVOM-Caged Antisense Agents. DNA synthesis was performed 

using an Applied Biosystems Model 394 automated DNA/RNA Synthesizer using standard 

β-cyanoethyl phosphoramidite chemistry. The caged antisense agents were synthesized using 
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40 nmole scale, low volume solid phase supports obtained from Glen Research. Reagents for 

automated DNA synthesis were also obtained from Glen Research. Standard synthesis cycles 

provided by Applied Biosystems were used for all normal bases using 2 min coupling times. 

The coupling time was increased to 10 min for the positions at which the caged-T modified 

phosphoramidites were incorporated. Each synthesis cycle was monitored by following the 

release of dimethoxy trityl (DMT) cations after each deprotection step. No significant loss of 

DMT was noted following the addition of the caged-T to the DNA, so 10 min was sufficient 

to allow maximal coupling of the caged nucleotides. Yields of caged DNAs were close to 

theoretical yields routinely obtained.  

Conjugation of the Azido-TAT Peptides and the Azido-Folic acid to the 

Antisense Agents. A solution of the PNVOM-caged antisense agent (2 µM) in 0.1 M 

phosphate buffer was incubated at room temperature for 2 h with the azido-HIV TAT peptide 

(12 µM) or azido-folic acid (12 µM) in the presence of the tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA) ligand (0.5 mM), CuSO4 (0.1 mM), and 

sodium ascorbate (5 mM). The reaction mixture was purified using a NAP 5 column (GE 

Healthcare) and concentrated with a speed vac.  

Luciferase Assay of the Cellular Activity of HIV TAT-Conjugated Antisense 

Agents. HEK 293T cells were grown at 37 °C, 5% CO2 in Dulbecco’s modified Eagle’s 

medium (Hyclone), supplemented with 10% Fetal Bovine serum (Hyclone), and 10% 

streptomycin/penicillin (MP Biomedicals).  Cells were passaged into a 96 well plate (200 µL 

per well, ~ 1 × 104 cells per well) and grown to ~70% confluence within 24 h. Conjugated 
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antisense agents (100 nM) were added directly to the cell culture media and incubated 

overnight at 37 °C, 5% CO2. The media was removed and the cells were transfected with the 

reporter plasmids, pGL3 (Promega) and pRL-TK (Promega), and selected wells were also 

transfected with control antisense agents using X-tremeGENE siRNA transfection reagent 

(Roche). Cells were incubated at 37 °C, 5% CO2 for 4 h, the transfection medium was 

removed, and the cells were irradiated for 2 min on a UV transilluminator (365 nm, 25 W). 

DMEM media was added and the cells were incubated at 37 °C, 5% CO2 for 48 h. The media 

was removed and a dual-luciferase assay (Promega) was performed. Renilla luciferase was 

normalized to firefly luciferase. All experiments were performed in triplicate and the error 

bars represent the standard deviation in three independent experiments.  

Conjugation of the Azido-TAT Peptides and the Azido-Rhodamine to the 

Antisense Agents. A premixed solution of CuSO4 (0.1 mM), and THPTA ligand (0.5 

mM) was added to a solution of PNVOM-caged antisense agent (1 µM) in 0.1 M phosphate 

buffer.  Rhodamine azide (15 µM) was added followed by addition of sodium ascorbate (5 

mM). After 2 min, the HIV TAT peptide (6 µM) was added and the reaction incubated at 

room temperature for 90 min. The reaction mixture was purified using a NAP 5 column (GE 

Healthcare) and concentrated with a speed vac.  

Temporal Control of HIV TAT-Conjugated Antisense Agents. HEK 293T cells 

were passaged into a 96 well plate (200 µL per well, ~1 × 104 cells per well) and grown to 

~70% confluence within 24 h. Conjugated antisense agents (100 nM) were added directly to 

the cell culture media and incubated overnight at 37 °C, 5% CO2. The cells were transfected 
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with the reporter plasmids, pGL3 and pRL-TK, and selected wells were also transfected with 

control antisense agents using X-tremeGENE siRNA transfection reagent (Roche). Cells 

were incubated at 37 °C for 4 h, and the transfection medium was replaced with DMEM 

media. The cells were then irradiated 0, 12, 24, 36, 40 or 46 h later (365 nm, 2 min, 25 W). 

After a total incubation period of 48 h after reporter plasmid transfection at 37 °C, 5% CO2, 

media was removed and a dual-luciferase assay (Promega) was performed. Renilla luciferase 

was normalized to firefly luciferase. All experiments were performed in triplicate and the 

error bars represent the standard deviation in three independent experiments.  

Phenotypic Assay of Photochemical Eg5 Inhibition. HeLa cells were grown at 37 

°C, 5% CO2 in Dulbecco’s modified Eagle’s medium (Hyclone), supplemented with 10% 

Fetal Bovine serum (Hyclone), and 10% streptomycin/penicillin (MP Biomedicals).  Cells 

were passaged into 4-well chamber slide (1 mL per well, ~4 × 104 cells per well) and grown 

to ~70% confluence within 24 h. Conjugated antisense agents (100 nM) were added directly 

to the cell culture media and incubated overnight at 37 °C, 5% CO2. The media was removed 

and the cells were irradiated for 2 min on a UV transilluminator (365 nm, 25 W). Control 

antisense agents were transfected into the cells with X-tremeGENE siRNA reagent (Roche). 

DMEM media was added and the cells were incubated at 37 °C, 5% CO2 for 48 h. The cells 

were fixed with formaldehyde (3.75%) and permeabilized with Triton-X100, strained with 

Alexa Fluor 488 Phalloidin (ex/em 488 nm/495-630 nm, Invitrogen) and DAPI (ex/em 405 

nm/410-495 nm, Invitrogen). Cells were imaged on a Zeiss LSM 710 confocal microscope 

(40× oil objective). 



 

203 

Western Blot of Photochemical Eg5 Inhibition. HeLa cells were passaged into 6-

well plates (2 mL per well, ~2 × 105 cells per well) and grown to ~70% confluence within 24 

h. Conjugated antisense agents (100 nM) were added directly to the cell culture media and 

incubated overnight at 37 °C, 5% CO2. The media was removed and the cells were irradiated 

for 2 min on a UV transilluminator (365 nm, 25 W). Control antisense agents were 

transfected into the cells with X-tremeGENE siRNA reagent (Roche). DMEM media was 

added and the cells were incubated at 37 °C, 5% CO2 for 48 h. The cells were lysed with 

mammalian protein extraction buffer (GE Healthcare) and the lysate was analyzed by 12% 

SDS-PAGE. A Western blot was performed using Eg5 (1:500 dilution, Santa Cruz 

Biotechnology) and GAPDH (1:1,000 dilution, Santa Cruz Biotechnology) primary 

antibodies, and a goat-anti-mouse-HRP (1:1,000 dilution, Santa Cruz Biotechnology) 

secondary antibody. The Western blot was developed by HRP colorimetric staining (Bio-

Rad) and imaged on a Typhoon 7000 phosphorimager (GE Healthcare). 

Luciferase Assay of the Cellular Activity of Folic Acid Conjugated Antisense 

Agents. HeLa cells and MCF7 cells were grown at 37 °C, 5% CO2 in Dulbecco’s modified 

Eagle’s medium without folate (Sigma), supplemented with 10% Fetal Bovine serum 

(Hyclone), and 10% streptomycin/penicillin (MP Biomedicals).  Cells were passaged into a 

96 well plate (200 µL per well, ~1 × 104 cells per well) and grown to ~ 70% confluence 

within 24 h. Folate-conjugated antisense agents (100 nM) were added directly to the cell 

culture media and incubated overnight at 37 °C, 5% CO2. The cells were then transfected 

with the reporter plasmids, pGL3 and pRL-TK, and selected wells were also transfected with 
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control antisense agents using X-tremeGENE siRNA transfection reagent (Roche). Cells 

were incubated at 37 °C for 4 h, the media was removed, and the cells were irradiated for 2 

min on a UV transilluminator (365 nm, 25 W). DMEM media was added and the cells were 

incubated at 37 °C, 5% CO2 for 48 h. The media was removed and a dual-luciferase assay 

(Promega) was performed. Renilla luciferase was normalized to firefly luciferase. All 

experiments were performed in triplicate and the error bars represent the standard deviation 

in three independent experiments.  

3.7.4 Photocaged Morpholinos Oligomers 

Morpholino Melting Temperature Determination. The melting temperature (Tm) of each 

morpholino hydridize to its RNA complement target was determined as described 

previously,254 with the following modifications. The morpholino and RNA complement (0.5 

µM) were incubated in 0.15 M NaCl, 0.05 M NaH2PO4, pH 7.2. The samples were protected 

from light or irradiated at 365 nm with a UV transilluminator (3 mW/cm2) for 20 min, heated 

to 100 °C for 5 min, and then cooled to 25 °C at a rate of 2 °C/min using a Cary 100 Bio 

UV/Vis spectrometer with a temperature controller (Varian). THe absorbance was recorded 

at 260 nm every 1 °C. The Tm was determined by the maximum of the first derivative of the 

absorbance vs. temperature plot. Standard deviations were calculated from three individual 

experiments.   

Morpholino RNA Gel Shifts. RNA (10 µM) complementary to each MO was 5′ end labeled 

with γ-32P ATP. 100 nM of radiolabeled RNA was incubated with increasing concentrations 

of MO (0, 5, 12.5, 25, 50, and 100 nM) at 80 °C for 5 min and cooled to 37 °C for 1 h. RNA 



 

205 

monomers were separated from MO:RNA duplexes by a 20% native PAGE gel and imaged 

with a Storm Phosphorimager. Gel images were quantified with ImageQuant, and the bound 

MO:RNA fraction was plotted against the concentration of MO. Gel shifts were performed in 

triplicate and error bars represent the standard deviation of three individual experiments. 

Cyclic DNA Antisense Agents.  A modified phosphorothioate DNA antisense agent 

with a 5′ C6 amine and a 3′ thiol modification targeting Renilla luciferase was synthesized by 

Alpha DNA (5′ H2N-CGTTTCCTTTGTTCTGGA-SH). The amino-DNA-thiol (20 µM) was 

reacted with the maleimide alkyne (100 µM) in PBS (pH 7.5):DMSO (2:1) for 2 h at rt. The 

reaction was monitor via reverse phase HPLC (Hewett Packard 1100 Series, C18 column). 

Cyclic Morpholino Oligomer.  An EGPF MO modified with a 5′ amine and 3′ alkyl 

thiol (5′H2N-ACAGCTCCTCGCCCTTGCTCACCAT-SSR, 10 µM, GeneTools) was reacted 

with a coumarin succinimide maleimide linker (50 µM) in sodium borate buffer (0.1 M, pH 

8.5) shaking overnight at 175 rpm in the dark. The reaction mixture was purified from a 

chloroform/ethyl acetate extration. The reaction mixture was diluted to 200 µL with milli-q 

water and 2 µL acetic acid was added. The mixture was washed with chloroform (3 x 200 

µL) then washed with ethyl acetate (2 x 200µL). The mixture was neutralized with 10% 

sodium hydroxide and concentrated by speed vac. Gel immoblized tris(2-

carboxyethyl)phosphine (TCEP) (100µL, Pierce Biotechnology) was washed with 0.1 M 

Tris-HCl, pH 8.4 then the linear MO-linear was added to the resin and shaken overnight at 

175 rpm in the dark. The supernatant was collected by centrifugation (1,000 rpm, 1 min) and 

purified using a NAP 5 column (GE Healthcare). 
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3.7.5 Photochemical Activation of RNA Interference in Mammalian Cells 

RNA Synthesis Protocol. RNA synthesis was performed using an Applied Biosystems 

Model 394 automated DNA/RNA Synthesizer using standard β-cyanoethyl phosphoramidite 

chemistry. The caged siRNAs were synthesized using 40 nmole scale, low volume solid 

phase supports obtained from Glen Research. Reagents for automated RNA synthesis were 

also obtained from Glen Research. Standard synthesis cycles provided by Applied 

Biosystems were used for all normal bases using 2 min coupling times. The coupling time 

was increased to 10 min for the positions at which the caged-U and caged-G modified 

phosphoramidites were incorporated. Each synthesis cycle was monitored by following the 

release of dimethoxy trityl (DMT) cations after each deprotection step. No significant loss of 

DMT was noted following the addition of the caged-U or caged-G to the RNA, so 10 min 

was sufficient to allow maximal coupling of the caged nucleotides. Yields of caged RNAs 

were close to theoretical values routinely obtained.  

Melting Temperatures. The melting temperature (Tm) of each siRNA was measured 

using a Cary 100 Bio UV/Vis spectrometer with a temperature controller (Varian). The two 

complementary strands of siRNAs (1 µM) were incubated in 0.15 M NaCl, 0.05 M 

NaH2PO4, pH 7.2 buffer. The samples were protected from light or irradiated at 365 nm with 

a UV transilluminator for 20 min, heated to 100 °C for 2 min, and then cooled to 20 °C at a 

rate of 2 °C/min, held at 20 °C for 5 min, then heated to 100 °C at a rate of 2 °C/min. 

Absorbance was recorded at 260 nm every 1 °C. The Tm was determined by the maximum of 
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the first derivative of the absorbance vs. temperature plot. Standard deviations were 

calculated form three individual experiments.  

Flow Cytometry Analysis. HEK 293T cells were grown at 37 °C, 5% CO2 in 

Dulbecco’s modified Eagle’s medium (Hyclone), supplemented with 10% Fetal Bovine 

serum (Hyclone), and 10% streptomycin/penicillin (MP Biomedicals).  Cells were passaged 

into 24-well plates (1 mL per well, ~ 4 x 104 cells per well) and grown to ~ 70% confluence 

within 24 h. The medium was changed to Optimem (Invitrogen), and the cells were 

transfected with 0.5 µg pEGFP-N1 (Clontech) and 0.5 µg pDsRed-N1 monomer (Clontech) 

and 40 pmol siRNAs with X-tremeGENE siRNA reagent (3:2 reagent/RNA ratio, Roche). 

All transfections were performed in triplicate. Cells were incubated at 37 °C for 4 h, and the 

transfection medium was removed, and 1 mL PBS (pH 7.4) was added. The cells were 

irradiated for 5 min on a UV transilluminator (365 nm, 25 W). PBS was removed and 

DMEM media was added, followed by a 48 h incubation at 37 °C, 5% CO2, and 20,000 cells 

were counted by flow cytometry. Analysis was performed on a FACSCalibur (Becton-

Dickinson) instrument, using a 488 nm excitation laser with a 530 nm band pass filter (GFP) 

and a 633 nm excitation argon laser and 661 nm band pass filter (DsRed). Fluorescence was 

analyzed using the Cellquest Pro Software. For each of the triplicates, the data were 

averaged, and standard deviations were calculated. 

Phenotypic Assay of Eg5 Inhibition. HeLa cells were grown at 37 °C, 5% CO2 in 

Dulbecco’s modified Eagle’s medium (Hyclone), supplemented with 10% Fetal Bovine 

serum (Hyclone), and 10% streptomycin/penicillin (MP Biomedicals).  Cells were passaged 
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into 4-well chamber slide (1 mL per well, ~ 4 x 104 cells per well) and grown to ~ 70% 

confluence within 24 h. The medium was changed to Optimem (Invitrogen), and the cells 

were transfected with 40 pmol siRNAs with X-tremeGENE siRNA reagent (3:2 

reagent/RNA ratio, Roche). Cells were incubated at 37 °C for 4 h, and the transfection 

medium was removed, and 0.25 mL PBS (pH 7.4) was added. The cells were irradiated for 5 

min on a UV transilluminator (365 nm, 25 W). DMEM media was added, the cells were 

incubated at 37 °C, 5% CO2 for 48 h. The cells were fixed with formaldehyde (3.75%) and 

permeabilized with Triton-100x, strained with Alexa Fluor 488 Phalloidin (ex/em 488 

nm/495-630 nm, Invitrogen) and DAPI (ex/em 405 nm/410-495 nm, Invitrogen). Cells were 

imaged on a Zeiss LSM 710 confocal microscope (40x oil objective). 

Quantitative RT PCR. HeLa cells were passaged into 6-well plates (2 mL per well, ~ 2 x 

105 cells per well) and grown to ~ 70% confluence within 24 h. The medium was changed to 

Optimem (Invitrogen), and the cells were transfected with 40 pmol siRNAs with X-

tremeGENE siRNA reagent (3:2 reagent/RNA ratio, Roche). All transfections were 

performed in triplicate. Cells were incubated at 37 °C for 4 h, and the transfection medium 

was removed, and 1 mL PBS (pH 7.4) was added. The cells were irradiated for 5 min on a 

UV transilluminator (365 nm, 25 W). DMEM media was added, the cells were incubated at 

37 °C, 5% CO2 for 48 h. RNA was isolated with TRIZOL reagent (Invitrogen). cDNAs were 

synthesized with Superscript Reverse Transcriptase II (Invitrogen) and quantitative RT-PCRs 

were performed with Eg5 forward primer 5′ CAGCTGAAAAGGAAACAGCC, Eg5 reverse 

primer 5′ ATGAACAATCCACACCAGCA,  GAPDH forward primer 5′ 
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TGCACCACCAACTGCTTAGC  and GAPDH reverse primer 5′ 

GGCATGGACTGTGGTCATGAG. The threshold cycles (Ct) of each sample were 

normalized to the GAPDH housekeeping gene and the inhibition of gene silencing is 

represented as percent of Eg5 expression. For each of the triplicates, the data were averaged, 

and standard deviations were calculated. 

Synthesis and Purification of PEGylated siRNAs.  3′ amino-modified sense and 

antisense strands (10 µM, Sigma Aldrich) were 5′ radiolabeled with 32P-λ ATP (MP 

Biomedicals) using T4 polynucleotide kinase (New England Biolabs) and slowly annealed 

with its nonradioactive complementary strand. The 5′ 32P–siRNA-NH2 (2 µM) was reacted 

with N-hydrosuccinimide (NHS) ester PEG (200 µM, Laysan Bio, Inc.) in phosphate saline 

buffer (PBS, pH 8.0) and incubated for 4 h at 30 °C. Due to incomplete PEGylation, the 

PEGylated siRNA was gel purified, electro-eluted, and concentrated using a Millipore 

centricon (3000 Da molecular weight cut off). The PEGylated siRNA was quantified using a 

standard curve on a 20% denaturing PAGE gel, through scanning on a Typhoon FLA 7000 

and measuring the band intensities using ImageQuantTL.  

Luciferase Assay of PEGylated siRNA. HEK 293T cells were passaged into a 96 well 

plate (200 µL per well, ~ 1 × 104 cells per well) and grown to ~70% confluence within 24 h. 

Cells were transfected with pGL3 (0.15 µg, Promega), pRL-TK (0.015 µg, Promega), and 

PEGylated and non-PEGylated siRNA (100 nM) using X-tremeGENE siRNA reagent 

(Roche) according to the manufacturer’s protocol. Cells were incubated at 37 °C, 5% CO2 for 

4 h, the transfection medium was removed, and replaced with DMEM media. After a 24 h 
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incubation at 37 °C, 5% CO2, the cells were lysed and a dual-luciferase assay (Promega) was 

performed. Firefly luciferase was normalized to Renilla luciferase. All experiments were 

performed in triplicate and the error bars represent the standard deviation in three 

independent experiments. 
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CHAPTER 4: REVERSIBLY LIGHT-SWITCHABLE DNA HYBRIDIZATION 

4.1 Introduction 

One limitation of the current caging technologies is that the decaging reaction is irreversible. 

Depending on the design of the gene silencing agent, the caging group can be engineered to 

turn gene expression on or turn off (see previous chapters). However, in live biological 

systems, genes are reversibly turned on and off.255, 256 One important example are the hox 

genes, which are essential during development.257, 258 The hox genes are tightly regulated to 

turn on and off biological processes such as proliferation, differentiation, and morphogenesis 

of tissue involved in segmentation.257, 259  Therefore, it would be advantageous to engineer a 

reversible system that closely mimics live cellular systems, to better probe and understand 

these systems. 

The discovery of diazobenzene (DAB) compounds dates back to the mid 1800s, and 

DABs were first used as synthetic coloring agents.260 By varying the structure of 

diazobenzene, including the number of azo moieties, the nature of the aromatic ring and the 

position and number of substituents, a wide array of dyes can be synthesized. In 1937, the cis 

isomer of azobenzene was isolated when it was noticed that the absorbance would vary after 

exposure to light. In the dark, the trans configuration is more stable than the cis isomer, and 

thus is the dominant isomer (>99.9%).261 Upon irradiation, the diazobenzene isomerizes to 

the cis configuration (Figure 4.1) and the end-to-end distance of the diazobenzene changes 

significantly by 3.5 Å.262 Upon exposure to white light or heated thermally, the diazobenzene 

converts back to the trans isomer.  
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Figure 4.1.  Structure of diazobenzene (DAB). DAB is thermodynamically stable in the 
trans configuration until irradiated with UV light, which converts DAB to the cis isomer. 
Upon thermal heating or illumination with white light, DAB isomerizes back to the trans 
configuration. 

 

Due to its physiochemical properties, diazobenzene has been incorporated into a 

number of different biomolecules including peptides,263 proteins,264 ligands,265 lipids,266 and 

oligonucleotides267-269 for the photoregulation of biological processes. In the mid 1990s, 

Yamana and co-workers synthesized a diazobenzene phosphoramidite in which the 

diazobenzene was incorporated into the backbone of the oligomer.270 Through the 

incorporation of a DAB within the stem loop of a DNA hairpin, they demonstrated that a 

stable duplex forms when the DAB is in the trans configuration. Albeit, little to no change in 

melting temperature was observed upon UV irradiation.271  

After Yamana’s first report of a diazobenzene phosphoramidite, Komiyama et al. 

synthesized a diazobenzene phosphoramidite but instead of introducing the diazobenzene 

within the backbone of the oligonucleotide, the diazobenzene residue replaced the ribose and 

nucleobase and is a side chain of a phosphoramidite.272 They hypothesized that in the trans 

configuration, the DAB is capable of base stacking without disturbing the helical backbone 

of the oligomer, thus stabilizing the DNA duplex. Upon UV irradiation, the cis-azobenzene 



 

213 

would perturb the backbone structure and base interactions through steric hindrance, 

blocking hybridization between the DNA strands.273 Asanuma and co-workers have used this 

diazobenzene side chain phosphoramidite as a tool to photoregulate a number of different 

biological processes including DNA and RNA hybrdiation,269, 274, 275 RNA digestion by 

RNase H,276 and control over T7 RNA polymerase activity.277 Using a similar design with a 

DAB as a side chain, the DAB motiety was incorporated within the stem region of a DNA 

aptamer for reversible control of DNA hybridization and therefore, aptamer:protein 

interactions.267 

The use of this DAB linker has enabled successful photoregulation of DNA 

hybridization and other biological processes as mentioned above but has yet to be appplied to 

photochemically control DNA interactions in cell culture or in model organisms. Instead of 

installing the DAB residue through a threoninol linker to interact with base stacking, the 

DAB moiety could be incorporated within the DNA oligonucleotide as first reported by 

Yamana.270 One limitation with the incorporation of the DAB as a side chain is that the cis 

isomer is thermally not stable at physiological conditions278 with a half-life of less than 10 

h.279 Asanuma and coworkers circumvented this limitation by incorporating an electron-

withdrawing group (i.e., a hydroxy group) on the diazobenzene can stabilize the cis-DAB.  

Wu et al. incorporated a DAB in a hairpin loop structure for the reversible control of 

DNA hairpin formation.280 A stable DNA hairpin structure is formed when the DAB is in the 

trans configuration, as the length of the DAB residue is similar to the length of the two 

terminal nucleotides of the DNA hairpin duplex (see Scheme 4.1A). Upon UV irradiation, 

the DAB converts to the cis isomer, shortening the loop distance, which destabilizes the 
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hairpin and DNA hybridization is lost. Upon white light illumination, the DAB isomerizes 

back to the trans configuration and hairpin formation is restored.  

Therefore, we hypothesized that a diazobenzene can be incorporated into the DNA 

backbone of an antisense agent to reversibly regulate gene function through controlling DNA 

hybridization (Scheme 4.1A). When kept in the dark, the DAB antisense agent will be in the 

trans configuration and will bind to its complementary mRNA, inhibiting gene expression 

(Scheme 4.1B). Upon UV irradiation, the DAB antisense agent will adopt a cis configuration, 

changing the distance of the nucleobases, so that the antisense agent will not be able to bind 

to the mRNA, thereby turning on gene expression. This method allows the gene expression to 

be turned on in high resolution, with the resting state inhibiting gene expression.  

 

 

Scheme 4.1.  Reversible gene silencing reagents. (A) Photo-isomerization of DAB 
containing DNA. (B) trans-DAB DNA binds to its complementary mRNA and inhibits gene 
expression. UV light causes isomerization of the DAB to the cis configuration shortening the 
length of the DNA. As a result, cis-DNA may not bind to the mRNA; thereby, turning on 
gene expression. White light converts the DAB back to the trans isomer.  
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4.2 Synthesis and Hybridization Studies of DAB Incoporated DNA 

In order to incorporate a DAB in a DNA oligomer, a DAB phosphoramidite was synthesized 

by Rajendra Uprety (Deiters Lab). The phosphoramidite was then site-specifically 

incorporated into a Renilla luciferase antisense agent (Table 4.1, Dr. Herman Sintim, 

University of Maryland). The length of the DNA antisense agent flanking the DAB residue 

was varied from 4 to 9 nucleotides to determine the maximum bases required to undergo 

reversible DNA hybridization (Table 4.1). Another component to optimize the reversible 

photoregulation of DNA hybridization is the number of spacer nucleotides to be present 

opposite of the DAB in the complementary DNA strand.  This is necessary to provide an 

adequate length to compensate for the DAB residue on the opposite strand. Once the number 

of spacer nucleotides needed for each DAB residue is determined, this number must be taken 

into consideration when designing the antisense agent for a particular mRNA sequence. 

Therefore, complementary DNA strands were synthesized (IDT DNA) with 0 to 4 cytidine 

nucleotides incorporated in the center of the oligomer (Table 4.1).  
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Table 4.1 . Diazobenzene-containing DNA and complementary spacer DNA sequences. The 
DAB residue is indicated by a red square (□). The spacer cytidine is shown in blue. The 
DAB phosphoramidite was synthesized by Rajendra Uprety (Deiters Lab). 

 

 

The photoswitching ability of the DAB DNA was assessed through hybridization 

studies. All 8 different DAB DNA sequences were cross hybridized with the 5 different 

spacer complementary DNA oligomers in the presence of the ethidium bromide. Ethidium 

bromide intercalates and turns fluorescent when bound to double-stranded DNA.281 After 

hybridization, the fluorescence was measured. Next, the samples were irradiated with UV 

light (365 nm, 2 min) and fluorescence was measured again. The samples were illuminated 

with white light for 5 min, and again the fluorescence was recorded. Photoswitching of the 

DAB from trans to cis will cause the length of the DAB DNA to change so that the bases do 

not align and no hybridization can be detected. After exposure to white light, the DAB DNA 

will photoswitch back to the trans configuration and bind to its complementary DNA 

(Scheme 4.1B). From this initial assay, DAB DNA and spacer DNA duplexes were chosen 



 

217 

for further analysis based on the fold difference between UV irradiation and white light 

illumination.  

From the initial hybridization assay, 6 DAB DNA and spacer DNA pairs seemed 

promising for photoreversible DNA hybridization and were repeated in triplicate using the 

same procedure as described above (Figure 4.2). After hybridization, the DAB DNA binds to 

the spacer DNA resulting in an initial fluorescent reading. Upon UV irradiation, the 

fluorescence was decreased in all samples indicating that less double stranded DNA was 

present. After exposure to white light, in some cases (DAB6-DNA2, DAB5-DNA0, DNA5-

DNA4) the fluorescence increased again, showing that the DAB DNA was bound to the 

complementary spacer DNA. In half of the samples (DAB6-DNA0, DAB6-DNA4, DAB5-

DNA2), no difference in fluorescence was detected after white light illumination. From this 

initial hybridization assay, the DAB DNA sequences that show photoswitchability are short 

DNA sequences with 4 - 6 nucleotides flanking the DAB residue. The other DAB DNA 

oligomers may have too many bases surrounding the DAB motif that there was little effect 

on hybridization from the isomerization of the DAB. However, variability  was detected in 

the number of spacer nucleotides to incorporate in the complementary strand opposite to the 

DAB residue. For example, in the 3 duplex sequences that showed reversible DNA 

hybridization, each sequence had a different complementary spacer DNA strand, containing 

0, 2, or 4 cytidine spacer nucleotides.  
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Figure 4.2 . Reversible hybridization of DAB DNA. DAB DNA was annealed with the 
complementary spacer DNA in the presence of ethidium bromidie (EtBr). The fluorescence 
was measured on a BioTek plate reader (546/590 nm) after each step (initial hybridization, 
exposure to UV light (2 min, 365 nm), and exposure to white light (5 min)). All experiments 
were performed in triplicate and error bars represent standard deviations. 

 

To test the reversible cycling of DNA hybridization with the DAB DNA oligomers, 

the hybridization assay was performed with the best reversible DAB DNA-spacer DNA pair, 

DAB6-DNA2; UV and white light illumination of the samples was cycled for a total of 3 full 

rounds. After each light treatment the fluorescence was measured (Figure 4.3). As a negative 

control for hybridization, a single-stranded DNA oligonucleotide at the same concentration 

as the DAB DNA-spacer DNA pair was used. This negative control showed low fluoresence 

in the presence of multiple UV irradiations and no significant loss of fluoresence was 

observed. After hybridization, DAB6-DNA2 exhibited high fluorescence and indicated good 

DNA hybridization. After brief UV irradiation, the fluorescence decreased 40%, reflective of 

a loss of hybridization. White light exposure restored DNA hybridization within 15% of its 

original fluorescence reading. Upon each additional UV irradiation, the fluorescence 
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decreased 45-53% and increased within 10% of the original fluorescent measurement with 

white light. This demonstrates that this DAB DNA and complementary spacer DNA pair can 

reversibly regulate DNA hybridization and based on its design additional DAB incorporated 

DNA oligomers can be engineered to reversibly bind to its complementary target. 

 

 
Figure 4.3 . Reversible DNA hybridization. A negative control DNA and DAB6-DNA2 
were heated to 95 °C and slowly cooled to RT in the presence of EtBr. The fluorescence was 
measured on a BioTek plate reader (546/590 nm) after each step (initial hybridization, 
exposure to UV light (2 min, 365 nm), and exposure to white light (5 min)). The cycle was 
repeated twice. All experiments were performed in triplicate and error bars represent 
standard deviations. 

 

4.3 Hybridization of a DNA Oligomer containing two DAB Residues 

Despite the photoswitching ability of DAB6 with the complementary spacer DNA2, 

significant DNA hybridization was detected even after UV irradiation (see Figure 4.3). 

Therefore, we thought that an additional DAB residue within the DNA sequence may 

improve the dynamic range of the photoswitchable DNA strand. Based on the studies 

conducted with a single DAB motif, 4 DNA strands were designed that contain 2 DAB 
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residues (Table 4.2). Two DNA sequences were chosen that were shorter in length (2DAB5 

and 2DAB6) with 2 or 3 nucleotides flanking the DAB motif. Two DAB phosphoramidites 

were incorporated within DNA sequences that were longer in length but still had 5 or 6 

nucleotides surrounding the DAB to determine if the second DAB could faciliate reversible 

DNA hybridization. This would be advanteous as a 13 – 25 nucleotides are required to bind 

to the target mRNA to inhibit gene expression.191 

 

Table 4.2.  DNA sequences containing two DABs residues and corresponding 
complementary spacer DNA sequences. The DAB is indicated by a red square (□). The 
spacer nucleotide, cytidine, is represented in blue. 

  

 

The DAB DNA oligonucleotides with 2 DABs incorporated (2DAB) were hybridized 

with the original 5 complementary spacer DNA oligomers, DNA0-DNA4 (Table 4.1), in the 

same hybridization assay as previously described. However, no reversible DNA 

hybridization patterns were detected, with very little overall hybridiziation observed. Several 

other nucleic acid dyes were also tested to determine DNA hybridization including  SYBR 

green (Invitrogen) and picoGreen (Promega) but nevertheless, no reversible DNA 
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hybridization was measured. Melt curves were also recorded by measuring the absorbance to 

determine if DAB DNA isomerization could be detected with this method. However, no 

reliable results or conclusions could be established. Therefore, the original ethidium bromide 

fluorescence hybridization assay seems to be the most reliable method to detect the reversible 

DNA hybridization of DAB DNA. To continue the investigation with the 2DAB DNA 

oligomers, new complementary spacer DNA strands were designed that should bind to the 

2DAB DNA oligos and provide a more robust DNA hybridization duplex (Table 4.2). The 

previous DNA spacer oligomers, DNA0-DNA4, were designed for the incorporation of only 

one DAB residue and not for the installation of the second DAB residue. Since the DNA 

oligomers with 2 or 4 cytidine spacers were the best complementary spacers in the previous 

assay with a single DAB residue (Figure 4.2), new complementary spacer DNA oligos were 

designed with either 2 or 4 cytidine spacer nucleotides. These new complementary spacer 

DNA oligomers were hybridized with the 2DAB DNA strands and subjected to the 

previously described ethidium bromide fluorescence assay. Out of this initial assay, four 

2DAB DNA-spacer DNA duplexes showed some promise for a reversible DNA duplex. 

These 4 duplexes were next assayed for the continuous ON/OFF hybridization switching 

ability using the same assay as described above. The 2DAB DNA-spacer DNA duplexes 

were UV irradiated and exposed to white light for 3 cycles with the fluorescence measured 

after each light treatment. As a negative control, a single-stranded DNA oligonucleotide at 

the same concentration as the 2DAB DNA-spacer DNA pair was used. As expected, no 

change in fluorescence was observed over the course of the experiment for the negative 

control DNA oligomer (Figure 4.4). For the 2DAB DNA, after brief UV irradiation, a 
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decrease in fluorescence was observed. However, not all DNA hybridization was restored 

after treament with white light. The DNA duplex, 2DAB5-DNA5-sp2, showed only moderate 

changes in fluorescence with UV and white light. However, a greater dynamic range was 

achieved with the 2DAB5-DNA6-sp2 duplex upon UV irradiation and exposure to white 

light. Thus, the 2 or 3 nucleotides flanking the DAB motif seem to be the optimal number of 

nucleotides to include in the DNA oligomer for reversible control of DNA hybridization.   

 

 
Figure 4.4 . Photoswitchable DNA hybridization with two DAB residues. 2DAB DNA was 
annealed with the complementary spacer DNA in the presence of EtBr. The fluorescence was 
measured on a BioTek plate reader (546/590 nm) after each step (initial hybridization, 
exposure to UV light (2 min, 365 nm), and exposure to white light (5 min)). This cycle was 
repeated twice. All experiments were performed in triplicate and error bars represent 
standard deviations. 

 

Lastly, the four best 2DAB DNA dulexes were directly compared to the optimal DAB 

DNA duplex with a single DAB motif, DAB6-DNA2. The same hybridization assay was 

performed as described previously. A negative control was included that consisted of a 

single-stranded DNA oligonucleotide at the same concentration as the DAB DNA-spacer 
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DNA pair. Additionally, as a positive control, a DNA duplex was included that was 16 bp 

long, which is within the length range of the DNA oligos tested. The single DAB DNA 

duplex, DAB6-DNA2, had the highest fluorescence indicating good DNA hybridzation with 

a 42% lower fluorescence when compared to the positive control. Since the positive control 

has more nucleotides and thus can participate in more Watson-Crick bonding interactions, 

this difference may be inflated.282 Importantly, this DAB DNA duplex consistently 

demonstrates good reversible DNA hybridization with UV and white light. In comparison to 

the 2DAB DNA duplexes, the DAB6-DNA2 was superior as the fluorescence of the 2DAB-

DNA duplexes are near the negative control, showing very little DNA hybridization. 

Additionally, these duplexes do not give consistent photochemical control over DNA 

hybridization and results varied substantial between experiments performed on different 

days. For example, 2DAB5-DNA6sp2 demonstrated good reversible DNA hybridization in 

the previous assay (Figure 4.5) but here, no difference in hybridization was detected after 

exposure with UV or white light.  
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Figure 4.5.  Comparision of the reversible hybridization with one or two DAB containing 
DNA. DAB DNA was annealed with the complementary spacer DNA in the presence of 
EtBr. The fluorescence was measured on a BioTek plate reader (546/590 nm) after each step 
(initial hybridization, exposure to UV light (2 min, 365 nm), and exposure to white light (5 
min)). This cycle was reapeated twice. All experiments were performed in triplicate and error 
bars represent standard deviations. 

 

4.4 Conclusion 

In summary, a new diazobenzene phosphoramidite was synthesized and successfully 

incorporated into DNA sequences. Two different design features were optimized for 

maximum photoregulated DNA hybridization: 1) the number of nucleotides flanking the 

DAB residue and 2) the number of spacer nucleotides in the complementary strand. Several 

DNA sequences were synthesized with a single DAB residue that varied from 4 to 9 

nucleotides surrounding the DAB.  These DAB DNA sequences were hybridized with 

complementary DNA sequences that included spacer nucleotides (0-4) to compensate for the 

larger size of the DAB residue in the oligo backbone.  From this screen, one DAB DNA 

duplex, DAB6-DNA2, showed good photoresponsive DNA hybridization (See Figure 4.3). 

This DNA duplex has 5 or 6 nucleotides flanking the DAB motif and was hybridized with a 
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complementary strand that has 2 additional cytidine nucleotides installed opposite of the 

DAB.  The addition of a second DAB residue into the DNA strand caused more variability in 

the photochemical control of DNA hybridization. With the incorporation of the second DAB 

moiety, there was little change in DNA hybridization in response to UV or white light. 

Additionally, in DAB DNA duplexes that showed some photochemcial control of DNA 

hybridization, (e.g., 2DAB5-DNA6sp2), the dynamic range of the photoswitching was much 

lower than that of DAB6-DNA2 (see Figure 4.5). Therefore, additional optimization needs to 

be completed for the reversible photochemical control of DNA hybridization using more than 

one DAB residue.  

Despite the fact that DAB6 may not have enough nucleotides to base-pair with a 

target mRNA in order to inhibit translation (5 nucleotides flanking the DAB residue), the 

DAB incorporated oligos may still be used to regulate gene expression in mammalian cells 

though a DNA decoy approach. DNA decoys are double stranded DNA oligomers that 

contain a transcription factor binding site.39 With a sufficient concentration of DNA decoy, 

the transcription factor will preferentially bind to the DNA decoy inhibiting the initiation of 

transcription (see Chapter 2). Based on the design of hairpin and dumbbell DNA decoys, the 

incorporation of a DAB residue within the loop region could potentially control DNA 

hybridization and thus, DNA decoy function in a reversible fashion. A similar design to the 

reversible DAB hairpin oligomers engineered by Wu et al. could be applied to the 

photoregulation of DNA decoy activity.280 A DAB residue could be incorporated at the 

hairpin loop structures of the DNA decoys (hairpin and dumbbell) and upon hybridization 

will form the hairpin or dumbbell structure since the DAB would be in the trans 
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configuration (Figure 4.6). In the presence of a hairpin or dumbbell DNA decoy, the 

transcription factor will bind to the decoy and inhibit the transcription of the gene. Exposure 

to UV light will cause the isomerization of the DAB residue(s) to the cis configuration, 

which will destabilize the DNA duplex, thereby activating transcription of the gene. Brief 

white light illumination will convert the DAB back to the trans isomer, reforming the DNA 

hairpin or dumbbell decoy and inhibiting the activation of gene expression.  

 

 
Figure 4.6.  Reversible photochemical control of DNA decoy function. After hybridization, 
the dumbbell or hairpin DNA decoy will form with the DAB in the trans isomer, and be 
functionally active, inhibiting transcription. Brief UV irradiation, isomerizes the DAB to the 
cis configuration, destabilizing the double stranded duplex, inactivating the decoy and 
initiating transcription. White light will isomerize the DAB back into the trans isomer, 
restoring DNA hybridization and decoy function, thereby inhibiting transcription.  
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4.5 Experimentals 

Reversible DNA Hybridization Assay.  DAB DNA (1 µM, 50 µL) and complementary 

spacer DNA (1 µM, 50 µL) were annealed in hybridization buffer (150 mM NaCl, 2 mM 

MgCl2, 10 mM NaH2PO4, pH 7.4)281 in the presence of 1 µM EtBr. In PCR tubes, the 

samples were annealed by heating to 95 °C and slowly cooled to rt within 30 min. The 

fluorescence was measured on a BioTek Syngery 4 plate reader (546/590). The samples were 

UV irradiated on a UV transilluminator (365 nm, 2 min) in a black 96 well plate and the 

fluorescence was immediately measured again. The samples were then exposed to white light 

on a white light box for 5 min and the fluorescence was measured. For reversible DNA 

hybridization, this cycle was repeated two more times. All experiments were performed in 

triplicate and error bars represent standard deviations. 
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 CHAPTER 5: LIGHT-ACTIVATION OF AN OLIGONUCLEOTIDE-TRIGGERED 
IMMUNE RESPONSE 

5.1 Introduction 

The mammalian immune system has two general pathways to prevent and treat infectious 

diseases, the innate immune response and the adaptive immune response. The innate immune 

response is activated by pathogen-associated molecular patterns (PAMPs), such as CpG 

oligonucleotides.283 CpGs are unmethylated cytosine-phosphate-guanosine (CpG) 

dinucleotide sequences. The CG dinucleotide sequence is rare in mammalian genomes, 

however, it is common in bacterial DNA and viral DNA.284, 285 For this reason, the immune 

system has evloved to recognize the CG motif in order to stimulate a proper immune 

response to a bacterial or viral infection.   

CpG oligonucleotides were first discovered by Krieg et al. in 1995 when it was 

demonstrated that bacterial DNA activates an immune response in B cells.286 The mechanism 

of CpG activation was elucidated five years later by Hemmi et al.287  First, CpG oligomers 

are internalized into an endosome. Within the endosome, the CpG DNA site-specifically 

binds to the Toll-like recpetor 9 (TLR9).288 TLR9 undergoes a conformational change once 

activated by the CpG oligomer.289, 290 This stimulates a cascade that upregulates transcription 

factors such as NF-κB and AP1, resulting in the initiation of transcription of pro-

inflammatory genes, including cytokines (Figure 5.1). As a result, a strong immune response 

is created that leads to the activation of cytotoxic T cells and the production of antibodies in 

B cells and plasma cells.291 However, it should also be noted that there are several other Toll-

like receptors that play a role in the immune response.  For example, TLR1, TLR2, TLR4, 
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and TLR6 are all receptors that recognize bacterial ligands, such as lipoproteins.292 TLR3 and 

TLR7 recognize double-stranded and single-stranded RNA, while TLR9 responds to single 

stranded bacterial DNA.  

 

 

Figure 5.1. CpG activated TLR9 cell signaling. CpG oligonucleotides are endocytosed into 
the cell, where they bind to TLR9, inducing a conformational change. This signals the 
recruitment of the myeloid differentiation primary response protein 88(MYD88) to TLR9, 
which activates the iRAK-TRAF6 complex. Two different pathways are activated, the 
mitogen-activated protein kinase (MAPK: JNK1/2 and p38) and inhibitor of NF-κB 
complexes both resulting in the upregulation of transcription factors and thereby, an increase 
in production of pro-inflammatory genes. Adapted from Klinman.283 
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Neutrophils are the most common type of white blood cell and play a critical role in 

the immune response.293-295 Neutrophils provide a protective role in the early containment of 

infection and killing of microbes, produce cytokines and chemokines to activate other 

effector cells (i.e., T cells and dendritic cells), and serve as a link between the innate and 

adapted immune responses.296 Upon infection or exposure to CpGs, neutrophils migrate to 

the site of infection, and release antimicrobial granules. Contained within these granules are 

reactive oxygen species that attack the surface of the microbe.297 Neutrophils also contain 

TLR9 mRNA, and upon stimulation by CpG oligomers TLR9 is translocated to the 

liposome.298 Once the CpG oligomer binds to TLR9, the signaling cascade is initiated, 

resulting in the production of cytokines, triggering an immune response.297 

There are four different types of synthetic CpG oligonucleotide classes: A, B, C and 

P. Class A CpGs consists of a central region of phosphodiester linkages with one or more 

CpG motifs in a palindrome (Table 5.1). Additionally, the termini are composed of a 

phosphorothioate backbone of poly guanosine nucleotides. Synthetic class A CpGs trigger 

the secretion of IFN-α, TNFα, IL-12, and IP10 only in plasmacytoid dendritic cells (pDCs). 

A complete phosphorothioate backbone is the main characteristic of the class B CpG 

oligonucleotides and only activates an immune response in B cells. However, upon 

activation, a large number of cytokines are secreted including: IL-6, IL-10, and IL-12 and 

antibodies are produced. Class C CpGs contain at least one 5′ CpG motif and a 3′ 

panlindrome sequence. An immune response is activated in both plasmacytoid dendritic cells 

and B cells. A relatively new Class P CpGs consist of two phosphorothioate palindrome 

sequences, which activiates TLR9 in only pDCs. 288 
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Table 5.1.  Classes of CpG oligonucleotides. The CG motif is highlighted in blue. The 
palindromic sequence is underlined. Phosphorothioate linkages are indicated by *. 

 

 

CpGs have therapeutic potential since they initiate an immune response, activating 

the production of antibodies and killer T cells. Several CpGs are currently in clinical trials 

either alone or as a vaccine adjuvants. Due to the increased stability of the phosphorothioate 

backbone, most clinical trials involve CpGs from the B class.291 By simply adding a CpG 

oligonucleotide to a vaccine significantly increases the production of antibodies when 

compared to treatment with the vaccine alone.299 For example, the addition of CPG9707 to 

the BioTerror vaccine led to an increase in antibody production with fewer doses of the 

vaccine.300 By adding CPG9707 to the BioThrax vaccine, a 21-24 day acceleration was 

observed for the maximum concentration of anti-protective antigen (which neutralizes the 

toxic effects of both anthrax lethal toxin and edema toxin) and toxin neutralizing antibody. 

Additionally, CpG oligomers have also been combined with proteins, namely NY-ESO-1 

protein, in a vaccine to overcome insufficient immunogenicity of early stage tumors.301 

Based on its activation in B cells, and downstream effects, we chose to photocage a 

class B CpG oligonucleotide. In addition to its importance in immune response, the CpG 
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sequence ODN2006, has numerous thymidine residues and thus, many options available to 

incorporate the NPOM-caged thymidine phosphoramidite (see Table 5.2 insert). With our 

previous success in photocaging phosphorothioate DNA antisense agents that inhibit 

DNA:RNA interaction56 and photoregulating DNA:protein interactions with caged DNA,96 

we hypothesized that it could be possible to regulate an immune response by installing caged 

thymidine phosphoramidites within a CpG sequence. The caging groups would inhibit the 

CpG oligonucleotide from binding to the TLR9, and thus suppress the immune response 

cascade. UV irradiation would restore the binding ability of the CpG, activating the TLR9 

and sequentially the immune response. The photochemical regulation of CpGs would provide 

a high degree of spatial and temporal control over an immune response. 

 

5.2 Synthesis of Caged CpG Oligonucleotides and Assay Development 

NPOM caged thymidine phosphoramidites were site-specfically incorporated into the class B 

CpG oligonucleotide ODN2006, which is composed of phosphorothioate linkages (Table 

5.2). The caged thymidine residues were either equally distributed throughout the 

oligonucleotide (CpG-4A) or concentrated at the two termini (CpG-4B). Equal spacing of the 

caged thymidine nucleotide would ensure that the caged CpG oligomer would most likely not 

bind to TLR9; on the other hand, caged thymidine nucleobases on each termini may permit 

low binding affinity to TLR9, and thus would lead to the faster activation after irradiation. As 

a positive control, a non-caged CpG oligomer (CpG) and a scrambled negative control 

(CNTRL) were also synthesized with phosphorothioate linkers. The negative control 
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oligomer should not be recognized by TLR9 and therefore, no immune response should be 

elicited. 

 

Table 5.2. Sequence of caged CpG oligonucleotides. All sequences are composed of 
phosphorothioate linkages. The NPOM-caged thymidine residues are indicated by T. 
NPOM-caged thymidine was synthesized by Hrvoje Lusic (Deiters lab). Caged CpGs were 
synthesized in the Lively Lab (Wake Forest University). 

 

 

The caged CpG oligomers were assessed in mammalian cell culture by using a HEK 

293 cell line stably expressing the TLR9 protein (gift from Dr. Gregg Dean at NCSU).302 

This stable cell line provides a method to directly measure the effect of caged CpG 

oligonucleotides in mammalian cells as toll-like receptors are otherwise not expressed in 

HEK 293T cells;303 however, a reporter plasmid also needs to be transfected in order to 

provide direct quantification of TLR9 activation by CpGs. A secreated alkaline phosphatase 

(SEAP) plasmid, pNiFty-SEAP (Invitrogen), was chosen as a suitable reporter as gene 

expression is driven by NF-κB inducible ELAM-1 promoter. Because TLR9 induces the 

activation and upregulation of NF-κB through exposure to CpG oligonucleotides, 

quantification of SEAP expression can be directly correlated to TLR9 activation by the CpGs 

(Figure 5.2). 
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Figure 5.2.  Activation of SEAP expression by CpG oligonucleotides. CpGs bind to TLR9, 
which activates NF-κB and induces transcription of SEAP. 

 

In an initial assay performed by Doug Young (Deiters Lab), HEK 293-TLR9 cells 

were co-transfected with pNiFty-SEAP (Invitrogen) and the CpG oligonucleotides using X-

tremeGENE transfection reagent (Roche) according to the manufacturer’s protcol. After 

transfection, the cells were either kept in the dark or irradiated with UV light (365 nm, 5 

min). The cells were incubated for 48 h and an aliquot of media was removed and assayed for 

SEAP expression using the Phospha-Light Assay Kit (Applied Biosystems). As expected, 

treatment with the scrambled control oligonucleotide CNTRL resulted in low luminescence 

indiciating that this DNA oligomer did not induce an immune response and thus did not 

trigger SEAP expression (Figure 5.3A and B). Upon transfection with the non-caged positive 

control CpG, a 4-fold increase in SEAP expression was observed. Importantly, no change in 
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SEAP activity was detected in the presence or absence of UV irradiation. Moreover, when 

kept in the dark, cells treated with the caged CpG-4A showed low levels of SEAP activity. 

However, after UV irradiation, an increase in SEAP expression was detected, approximately 

to the same level as the non-caged control CpG (Figure 5.3A). This indiciates that the caged 

CpG-4A, with the caging groups equally distributed throughout the oligonucleotide, is a 

viable caging stragety to photoregulate the adapted immune response with excellent off → on 

switching behavior.  

 

 
Figure 5.3.  Photochemical activation of CpG function. HEK 293-TLR9 cells were co-
transfected with pNiFty-SEAP and the CpG oligonucleotides using X-tremeGENE 
transfection reagent. The cells were either kept in the dark or irradiated with UV light (365 
nm, 5 min). The cells were incubated for 48 h and an aliquot of media was removed and 
assayed for SEAP expression using the Phospha-Light Assay Kit (Applied Biosystems). (A) 
Activation of CpG-4A (B) Activation of CpG-4B. Assay performed by Doug Young. 

  

In a similar experiment, to determine if the placement of the caging groups on the 

CpG has an impact on the photochemical regulation of an immune response, HEK 293-TLR9 

cells were transfected with the pNiFty-SEAP reporter plasmid, and the control and caged 

CpG-4B oligonucleotides. The cells were either irradiated with UV light (5 min, 365 nm) or 
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kept in the dark. After a 48 h incubation, the cell culture media was assessed for SEAP 

expression through a Phospha-Light assay. As in the previous assay, treatment with the 

scrambled control resulted in low levels of SEAP expression and the non-caged CpG 

significantly induced SEAP expression (Figure 5.3B). Notably, the caged CpG-4B was 

inactive when kept in the dark; as only slightly higher level of SEAP activity was detected 

for CpG-4B when compared to the CNTRL. UV irradiation cleaved the caging groups, and 

fully restored the activity of CpG-4B to the level of the non-caged CpG control. Therefore, 

based on this set of experiments, it does not seem to be important if the caging groups are 

concentrated at the two termini or if they are spread equally throughout the CpG oligomer. 

However, it should be noted that in the second experiment (Figure 5.3B) the absolute 

luminescence numbers are significantly higher than in the previous assay (Figure 5.3A). 

Although there is no explanation for this, a 4-fold change in SEAP activity was observed 

between the CNTRL and CpG oligomers in both experiments. 

Having estabilished that caged CpGs can photoregulate TLR9 activation, which in 

turn activates NF-κB to induce the expression of cytokines stimulating an immune response; 

we thought it would be prudent to directly measure this downstream endogenous process. In 

an innate immune response CpGs activate TLR9, which then stimulates the proliferation of B 

cells leading to the production of antibodies.283, 288 This causes an increase in production of 

cytokines, mainly interleukin-6 (IL-6) and interleukin-12 (IL-12). The innate and adapted 

immune response systems are linked as the innate immune response is first triggered to 

provide an immediate response, while the adapted immune response is a long term defense 

mechanism. Therefore, the cytokines are produced in the innate immune response (IL-6 and 
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IL-12) are also involved in the adaptive immune response, which is responsible for the 

memory and long-term protective affinity to the foreign substance, in this case the CpG (see 

Figure 5.4).283   

 

 
 

Figure 5.4.  Immunostimulatory effects of CpG oligonucleotides. The immune response 
cascade is triggered by CpG oligomers which activates T helper I (ThI) cells leading to the 
secretion of proinflammatory cytokines: interleukin (IL)-6, IL-12, and interferon gamma 
(IFN-γ). The CpG oligonucleotides are foreign material that triggers a protective immune 
response against the foreign substance. The adapted immune response maintains a 
immunologic memory and provides long-term protection. Adapted from Hanagata.288 

 

To test the photoactivation of caged CpG oligonucleotides on an endogenous 

downstream processes, we chose to study the production of IL-6. IL-6 is an immediate 

downstream effector of TLR9 activation, and therefore a viable target gene. First, an assay 

was performed to determine if treatment with the CpG oligomers induced sufficient IL-6 
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expression to be detected by an ELISA assay. A Human Burkitt’s lymphoma cell line, 

Namalwa, which is a type of B cell, were treated with the scrambled control CNTRL or the 

non-caged CpG. As an additional control, a set of cells were not treated (NT) with any 

oligomer to determine the background level of IL-6 expression. After 18 h incubation, an 

aliquot of the cell culture media was assessed by an ELISA assay (Qiagen) for the production 

of IL-6 (Figure 5.5). In the absence of any treatment with an oligomer  (NT) or in the 

presence of the scrambled control, only low levels of IL-6 were detected. Additionally, the 

CNTRL DNA oligomer led to approximately the same expression level as the non-treated 

cells, indicating that any effects seen by the CpG is a result of TLR9 activation and does not 

result from off-target effects. Moreover, treatment with the non-caged CpG led to a 3-fold 

increase in IL-6 expression. Therefore, this method can be used to detect IL-6 expression 

induced by treatment with a CpG oligonucleotide. 

 

 
Figure 5.5.  CpG induction of IL-6 expression. Namalwa cells were treated with the 
scrambled control, CNTRL, the non-caged CpG (300 nM), or not treated (NT). After a 16 h 
incubation, an aliquiot of the cell culture media was used in an IL-6 based ELISA assay 
(Qiagen). The absorbance was measured on a BioTek Syngery 4 plate reader (450/570 nm). 
Error bars represent the standard deviation of three independent experiments. 
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Next, the caged CpG oligomers were assessed in the same IL-6 ELISA based assay. 

Namalwa cells were treated with the scrambled control, CNTRL, the non-caged CpG, or the 

caged CpGs, CpG-4A, or CpG-4B. After a 4 h treatment, the supernatant was removed and 

the cells were resuspended in PBS and either kept in the dark or irradiated with UV light (5 

min, 365 nm). RPMI media was added to the cells and they were incubated for an additional 

18 h, for sufficient cytokine expression. An aliquot of the supernatant was collected and 

assayed for IL-6 expression. As in the previous assay, treatment of CNTRL resulted in low 

levels of  IL-6 detection (Figure 5.6). Additionally, the non-caged CpG resulted in a 

significant increase in IL-6 expression. As in the reporter assay (Figure 5.3) exposure to UV 

light did not have an effect on IL-6 production as little difference was observed with the CpG 

control oligonucleotides (CNTRL and CpG). For normalization purposes, IL-6 expression 

induced by CpG without UV irradiation (CpG –UV) was set to 100%. After treatment with 

caged CpG-4A in the absence of UV irradiation, 25% of IL-6 expression was detected – 

comparable to the scrambled control. However, no activation of TLR9 was observed after 

UV irradiation. This is in contrast to the previous reporter assay (see Figure 5.3). Upon 

treatment with caged CpG-4B, similar levels of IL-6 expresion was observed when these 

cells were kept in the dark. Brief UV irradiation, removed the caging groups, activating 

TLR9, and resulting in 70% expression of IL-6 compared to the non-caged CpG control. 

Therefore, the photochemical activation of an immune response by caged CpGs can be 

directly detected in the upregulation of IL-6 expression. 
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Figure 5.6.  Photo-activation of IL-6 expression through caged CpGs. Namalwa cells were 
treated with the scrambled control, CNTRL, or non-caged, CpG, and caged CpGs, CpG-4A 
and CpG-4B. The cells were irradiated (5 min, 365 nm) and incubated for 16 h. An aliquiot 
of the cell culture media was used in an IL-6 based ELISA assay (Qiagen). For normalization 
purposes, IL-6 production by CpG – UV was set to 100% IL-6 expression. Error bars 
represent the standard deviation of three individual expriments.  

 

In an attempt to improve upon the photo-activation of both caged CpGs, the same 

cellular assay was performed with an increased concentration of the caged CpG oligomers. 

Namalwa cells were treated with the scrambled control, CNTRL, the non-caged CpG, or 1x, 

5x, or 10x the concentration of caged CpGs, CpG-4A or CpG-4B. After a 4 h treatment, the 

supernatant was removed and the cells were resuspended in PBS and either kept in the dark 

or irradiated with UV light (5 min, 365 nm). RPMI media was added to the cells and they 

were incubated for an additional 18 h. An aliquot of supernatant was collected and assayed 

for IL-6 expression. Cells treated with CNTRL did not induce TLR9 activation, with only 

10% IL-6 expression observed (Figure 5.7). As in the previous assay, a significant increase in 

IL-6 production was detected upon treatment with the non-caged CpG oligomer and for 

normalization purposes, was set to 100%. No induction of IL-6 was detected in cells treated 
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with caged CpG-4A in the absence of UV irradation. After exposure to UV light, a slight 

increase in IL-6 expression was observed in case of the 1x concentration of CpG-4A. By 

increasing the concentration to 5x, a moderate increase in IL-6 production was measured 

(25% IL-6 expression). With a 10x increase in CpG-4A, IL-6 expression increased to 50% 

compared to the non-caged CpG control; however, full CpG activity was not restored. Cells 

treated with the caged CpG-4B oligomer demonstrated background levels of IL-6 expression 

when kept in the dark. Brief UV irradiation results in 55% expression of IL-6 with the 1x 

CpG-4B. Noteably, this was the maximal level of IL-6 expression achieved for the CpG-4A. 

By increasing the concentration to 5x that of original sample, 80% IL-6 expression was 

measured in comparison to the non-caged CpG control. This was the highest restoration of 

CpG activity that was achieved in this cell-based assay system. A slight decrease in IL-6 

expression was observed with a 10x treatment of CpG-4B. Therefore, with a higher 

concentration of caged CpGs, 50% or 80% of the CpG activity can be restored with UV light 

activation for CpG-4A and CpG-4B, respectively.  
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Figure 5.7.  Titration of caged CpGs. Namalwa cells were treated with the scrambled 
control, CNTRL, or non-caged, CpG, and caged CpGs, CpG-4A and CpG-4B (300 nM, 1.5 
µM or 3 µM). The cells were irradiated (5 min, 365 nm) and incubated for 16 h. An aliquiot 
of the cell culture media was used in an IL-6 based ELISA assay (Qiagen). For normalization 
purposes, IL-6 production by CpG – UV was set to 100% IL-6 expression. Error bars 
represent the standard deviation of three individual experiments.  

 

5.3 Conclusion 

In summary, we have sucessfully incorporated NPOM-caged thymidine phosphoramidites 

into two caged CpG oligonucleotides with two different caging strageties: 1) equally 

distributed caged thymidine residues thoughout the oligomer and 2) with the caging groups 

concentrated at the two termini. In the first reporter assay, no difference was observed 

between the two caged CpGs, with each caged CpG inducing a 4-fold change in gene 

expression upon irradiation with UV light. However, upon multiple endogenous gene assays 

where the expression of IL-6 was measured, caged CpG-4B had greater photo-activation than 

the caged CpG-4A. Since our group has shown multiple incidences where the caging groups 

prevent DNA hybridization20, 59, 86, 304 and DNA:protein interactions,96 it is also feasible that 

these caged nucleotides prevent the binding of the CpG oligonucleotide to TLR9. Based on 
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the cellular assays, equal distribution of the caging groups throughout the CpG 

oligonucleotide, CpG-4A, completely inhibits induction of an immune response; however, 

UV light treatment could not completely restore activity. On the other hand, the installment 

of the caging groups concentrated on the two termini, CpG-4B, rendered the oligomer 

inactive and the stimulatory immune response was activated to 80% of the non-caged CpG 

activity after exposure to UV light. This may be due to the fact that the central region of the 

CpG can still bind to TLR9 however, the binding affinity may be too low for activation of the 

immune response. The CpG-4A oligomer might not bind to TLR9 in the case of equal 

spacing of the caging groups throughout the oligomer, while CpG-4B may loosely bind to the 

receptor since it constains a 15 nucleotide section that is not interrupted by a caging group. 

Given that TLR9 activiation is highly sequence specific,289 TLR9 is not activated until the 

caging groups are removed, allowing full binding of the TLR9 and activating the immune 

response.  

 The caged CpG oligonucleotides are currently being tested in zebrafish embryos for 

the light-activation of an immune response in a live multicellular organism. Since the CpGs 

are composed entirely of phosphorothioate linkages, they should be more stable under 

physiological conditions than bacterial CpG DNA. Additionally, the ability to spatially and 

temporally induce an immune response has therapeutic potential in a variety of diseases 

including HIV,305 hepatitis B,306 allergens,307 bioterror agents like anthrax,300 and even 

cancer.301 Currently, several CpG oligomers are in clinical trials either alone or in 

conjugation with a vaccine, for the treatment of these diseases.291, 308 
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5.4 Experimentals 

Activation of IL-6 expression.  Namalwa cells (ATCC) were grown at 37 °C, 5% CO2 

in RPMI 1640 media supplemented with 10% Fetal Bovine serum (Hyclone), and 10% 

streptomycin/penicillin (MP Biomedicals). Cells (100,000) were passaged into a 96 well 

plate and treated with 300 nM non-caged or caged CpGs. After incubation for 4 h, the entire 

well content (cells and supernatant) were centrifuged for 10 min at 1,000 g. The supernatant 

was removed and the cells were resuspended in PBS, pH 7.4. The cells were irradiated for 5 

min at 365 nm. RPMI 1640 media was added to the cells and were incubated for 18 h. The 

entire well content (cells and supernatant) were centrifuged for 10 min at 1,000 xg. The 

supernatant was collected and 50 µL was used in a Single-Analyte ELISAray – human IL-6 

assay (Qiagen). The ELISA assay was performed according to the manufacturer’s protocol. 

The absorbance was measured at 450/570 nm on a BioTek Syngery 4 plate reader. For 

normalization purposes, the non-caged CpG IL-6 expression was set to 100%. Standard 

deviations were calculated from three individual experiments. 
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CHAPTER 6: HYDROGEN PEROXIDE INDUCED  
ACTIVATION OF GENE EXPRESSION IN MAMMALIAN CELLS  

USING BORONATE ESTRONE DERIVATIVES 

6.1 Introduction 

Hydrogen peroxide (H2O2) plays important roles in biological and cellular processes. H2O2 is 

a reactive oxygen species (ROS) that was originally thought of as only an oxidative stress 

marker in disease states,309 but recently has been shown to be an important secondary 

messenger in biological systems.310, 311 Once produced within the mitochondria, H2O2 can 

diffuse throughout cells in order to play a critical role in several important processes, 

including cell signaling,312 embryogenesis,313  apoptosis,314 aging, and diseases, such as 

cancer315 and neurodegenerative diseases, e.g., Parkinson’s disease.316 Here, we describe the 

development of a genetic switch that enables the induction of gene expression in response to 

H2O2. Due to the modularity of the system, any gene of interest can be placed under the 

control of H2O2. Importantly, the developed genetic switch allows for the sensitive and 

selective detection of H2O2 in live mammalian cells. 

 Our design of an H2O2-triggered genetic switch relies on a GAL4-upstream activating 

sequence (UAS) system, in which the DNA binding domain of GAL4 is fused to a nuclear α-

estrogen ligand-binding domain (ER). In the absence of a suitable ER-ligand (e.g., estrone), 

the GAL4-ER fusion protein is tightly bound to a complex of heat-shock chaperone proteins 

(e.g., hsp90) that locks the ER receptor into an inactive state.[8] Upon ligand binding, the 

GAL4-ER undergoes a conformational change that displaces the hsp90 complex.[9] This 

active GAL4-ER-ligand complex translocates into the nucleus,[10] binds to the UAS located 
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upstream of the gene of interest, and induces transcription of that gene, in this case luciferase 

(Scheme 6.1A). The GAL4-UAS system was engineered into a H2O2-responsive system, 

through boron-oxidation chemistry.317-319 Boronated small molecules have previously shown 

promise in the fluorescence-detection of H2O2,320, 321 but this concept has not been applied to 

the activation of gene expression. Based on structure activity relationship studies322-325 and x-

ray structures (Scheme 6.1B),326, 327 we introduced a boronate ester group at either the 3-

hydroxy or the 17-ketone position (or both) of estrone, in order to inhibit binding to the ER 

and induction of gene expression. In the presence of H2O2, the boronate group will be 

oxidized, resulting in the native phenol or ketone, and thus activating gene expression 

through ER binding. 
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Scheme 6.1.  Mechanism of H2O2-induced gene expression. (A) Activation of gene 
expression by intercellular H2O2 through the oxidation of boronated estrone derivatives. The 
GAL4-ER fusion protein is expressed by pBind-ERα. Upon addition of estrone, hsp90 
binding is disrupted, leading to recognition of the UAS by GAL4 and expression of the gene 
of interest (e.g., luciferase). The boronated estrone derivative is unable to bind to the GAL4-
ER fusion and no luciferase expression is observed. In the presence of H2O2 the boronate 
group is oxidatively removed and the generated native estrone molecule activates 
transcription of luciferase. (B) X-ray structure of estrone (green) bound to ERα. The 17-
carbonyl group of estrone forms a hydrogen bond with His524, while the 3-hydroxy group 
forms hydrogen bonds with Glu353 and Arg394. Disruption of those hydrogen bonds by a 
sterically demanding boronate group may prevent binding to the ER. PDB: 3HM1. Adapted 
from Govan et al.328 
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6.2 Synthesis of Boronated Estrone Derivatives 

In a structure-activity relationship study of the estrone-ER interaction, it was shown that the 

removal of the 17-ketone reduced the relative binding affinity of estrone by 84%,322 and the 

removal of the 3- hydroxy reduced the relative binding interaction by two orders of 

magnitude.323 When in complex with the ER, the phenol and carbonyl groups of estrone play 

key roles as hydrogen bond donors and acceptors. Based on a protein X-ray structure 

(Scheme 6.1B), the 17-carbonyl group interacts with His524, which then forms a hydrogen 

bond with the peptidic carbonyl group of Glu419, creating a hydrogen bonding cascade.326 

The 3-hydroxyl group interacts through hydrogen bonds with Glu353, Arg394, and a water 

molecule within the binding pocket.327 Therefore, the replacement of either one of these 

groups with a phenyl or vinyl boronic acid ester derivative should render the estrone 

molecule biologically inactive.322, 323 Based on these studies, a series of boronated estrones 

were synthesized by Dr. Andrew McIver (Deiters Lab) as novel H2O2-responsive molecules 

(Scheme 6.2). If the boronation of either the 3-position (13), or 17-position (14), or both 

(15) completely inactivates the binding of the estrone derivative to the ER, then estrone 

activity should be restored through H2O2-mediated oxidation to a functional estrone 

molecule. In addition, the dehydroxy estrone 12  was used as a negative control compound. 
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Scheme 6.2. The synthesized boronated estrone derivatives 13-15  and their oxidation to 
estrone 11  by H2O2. Estrone derivatives 12-15  were synthesized by Andrew McIver 
(Deiters Lab). Adapted from Govan et al.328 

 

6.3 Induction of Gene Expression in Mammalian Cells through Addition of H2O2 

In order to investigate the activity of estrone and its derivatives, human epithelial carcinoma 

(A431) cells were transfected with the reporter plasmids, pBind-ERα (Promega) and 

pGL4.35 (Promega). The pBind-ERα vector encodes the GAL4-ER fusion protein (Figure 

6.1). Once translated, the endogenous heat shock protein 90 (hsp90) binds to the GAL4 

protein, locking the ER into an inactive state (see Scheme 6.1). The pGL4.35 construct 

encodes the firefly luciferase gene upstream of the UAS sites (Figure 6.1). Therefore, upon 

estrone binding, a conformation change occurs in the GAL4-ER, which displaces hsp90, and 
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the GAL4-ER translocates into the nucleus and binds to one of the nine UAS sites on the 

pGL4.35 plasmid activating transcription of firefly luciferase.    

 

 
Figure 6.1 Vector maps of pBind-ERα and pGL4.35 (Promega). 

 

A431 cells were co-transfected with pBind-ERα and pGL4.35 using Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s protocol. However, the transfection 

conditions were optimized for the length of the assay and for the concentration of H2O2 

(Figure 6.2) in order to achieve the maximum induction of firefly luciferase expression. After 

transfection of the reporter plasmids, the cells were treated with estrone (11) as a positive 

control, dehydroxy estrone (12) as a negative control, or the boronated estrone derivate 13 . 

The cells were incubated with the estrone derivatives for either 24 or 48 h and a firefly 

luciferase assay was performed (Figure 6.2A). Similar results were achieved after incubation 

for 24 or 48 h. Cells treated with estrone induced firefly expression and for normalization 
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purposes this was set to 100%. Treatment with 12  induced less than 20% firefly expression – 

serving as a proper control molecule. Cells exposed to the boronated estrone derivate 13  also 

did not induce firefly expression, which is to be expected from the installment of the 

boronate group. Based on this assay, we chose to incubate the cells for 48 h in the presence 

of the estrone derivatives due to the higher absolute luciferase assay numbers.  

In a similar manner as stated above, A431 cells were transfected with the reporter 

plasmids and treated with the same estrone derivatives (11-13 , 50 nM) and treated with 0, 

10 or 100 nM H2O2 for 48 h. A firefly luciferase assay was performed. As previously seen, 

treatment with estrone induces firefly luciferase expression and for normalization purposes 

was set to 100% (Figure 6.2B). Cells treated with 11  and H2O2 (10 or 100 nM) did not 

significantly change the expression of luciferase (within error). Cells exposed to the negative 

control 12  did not stimulate firefly luciferase expression regardless of addition of H2O2. 

Treatment with 13  did not activate luciferase expression until addition of 10 or 100 nM 

H2O2, which induced 55% and 65% of luciferase expression, respectively. A broader 

concentration range of H2O2 was titrated into the cells; however, these were the two best 

concentrations that activated luciferase expression in cells treated with 13 . Thus, 100 nM 

H2O2 was subsequently used in future experiments. 
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Figure 6.2. Optimization of assay conditions. (A) Estrone induction of firefly expression 
in mammalian cells after 24h and 48h incubation. A431 cells (10,000) were transfected with 
pBind-ERα and pGL4.35, treated with estrone derivatives (50 nM), and a luciferase assay 
was performed after the indicated time period. (B) Titration of H2O2 to activate gene 
expression in boronated estrone treated cells. A431 cells (10,000) were transfected with 
pBind-ERα and pGL4.35, treated with estrone derivatives (50 nM) and the indicated 
concentrations of H2O2, and a luciferase assay was conducted after 48h. 11-13  corresponds 
to estrone and estrone derivatives. All experiments were performed in triplicate and error 
bars represent standard deviations. Adapted from Govan et al.328 

 

Once the transfection conditions and H2O2 concentration was optimized, intercellular 

detection of H2O2 was assessed with the estrone derivatives. Following transfection of the 

cells with the reporter plasmid, the cells were treated for 48 h with estrone (11) or estrone 

derivatives 12-15  at a concentration of 50 nM. H2O2 (100 nM) was added to the cells and 

luciferase expression was assayed after 48 h (Figure 6.3). In the absence of estrone, no 

luciferase expression was observed. In the presence of estrone, a 43-fold induction of firefly 

luciferase expression was detected, compared to non-treated cells. Since it has been shown 

previously that the removal of the 3-hydroxy group eliminated the binding of estrone to the 

α-estrogen receptor,322, 323 the dehydroxy estrone 12  was used as a negative control and 

indeed showed only a basal level of firefly luciferase expression. Moreover, both estrone 
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(11) and dehydroxy estrone (12) lead, within statistical significance, to the same level of 

gene expression before and after addition of H2O2, demonstrating that H2O2 had no effect on 

the genetic switch in the absence of any boronated estrogen analogs. The estrone derivate 13  

bearing a boronic acid ester at the 3-position, showed a slightly higher level of firefly 

luciferase expression than the negative control 12 , but is still mostly inactive compared to 

estrone 11 . Upon addition of H2O2, the boronate group of 13  is oxidized and the resulting 

estrone is able to bind to the estrogen receptor inducing a 5-fold increase in reporter gene 

expression, a level of firefly luciferase that resembles that of treatment with 11 . The estrone 

boronated at the 17-position (14) displayed a lower level of firefly expression than 13  and 

exposure to H2O2 resulted in an impressive 28-fold increase in gene expression. Even though 

only 48% of gene expression was observed compared to native estrone (11), the signal-to-

background ratio is excellent. Similar results were observed with the diboronated estrone 15 , 

which displayed low background levels of luciferase activity before exposure to H2O2 and a 

8-fold increase in gene expression after H2O2 addition. 
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Figure 6.3.  H2O2-induced activation of gene expression in the presence of boronated 
estrone analogs. A431 cells (10,000) were transfected with pBind-ERα and pGL4.35, treated 
with estrone derivatives (50 nM), followed by exposure to H2O2 (100 nM). A luciferase assay 
was conducted and reporter gene activity was normalized to exposure to estrone (11). All 
experiments were performed in triplicate and error bars represent standard deviations. 
Adapted from Govan et al.328 

 

6.4 Induction of Gene Expression by Intracellular H2O2 

Encouraged by these results, the ability of the sensor to report the presence of endogenously 

produced H2O2 in mammalian cells was tested. Cells produce H2O2 when stimulated with 

external cytokines such as transforming growth factor-β1, interleukin-1, or epidermal growth 

factor (EGF).329 Here, EGF was used to stimulate H2O2 production in A431 cells. The assays 

were conducted as before, but instead of adding H2O2 to the media, the cells were treated 

with EGF (1 µg/mL). As seen in Figure 6.4, the intracellular secretion of H2O2 can be 

detected as efficiently as its external addition.  
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Figure 6.4.  Intracellular detection of H2O2. A431 cells (10,000) were transfected with 
pBind-ERα and pGL4.35, and treated with estrone analogs 13-15  (50 nM) and EGF (1 
µg/mL). A firefly luciferase assay was performed and reporter gene activity is normalized to 
exposure to estrone (11). All experiments were performed in triplicate and error bars 
represent standard deviations. Adapted from Govan et al.328 

 

 
In comparison to the positive and negative controls (11  and 12 , respectively), the 

boronated estrone 13  showed only a moderate level of background luciferase expression 

before addition of EGF and a 5-fold increase in reporter gene activity after EGF addition. 

Importantly, the boronated estrone 14  and the diboronated estrone 15  showed further 

reduced levels of background activity. Moreover, addition of EGF resulted in a dramatic 33-

fold increase in luciferase activity for the boronated estrone 14  and a 5-fold increase for the 

diboronated estrone 15 . The lower activation of 15  is presumably the result of an incomplete 

conversion into 11  by intracellularly generated H2O2. Further increase in the concentration of 

EGF added to the cell culture media led to a linear increase in luciferase signal, as cellular 

H2O2 production increases with increasing EGF exposure330 (Figure 6.5). 
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Figure 6.5.  Titration of EGF to induce gene expression in boronated estrone treated cells. 
A431 cells (10,000) were transfected with pBind-ERα and pGL4.35, treated with estrone 
derivatives (50 nM) and the indicated concentrations of EGF, and a luciferase assay was 
preformed after 48h. 11-13  corresponds to estrone and estrone derivatives. All experiments 
were performed in triplicate and error bars represent standard deviations. Adapted from 
Govan et al.328 

 

The developed H2O2 reporter provides a substantially greater dynamic range (up to 

33-fold) than previously reported H2O2 sensors. The higher signal-to-background ratio of this 

system may be the result of two linked catalytic processes: gene transcription induced by 

H2O2 and subsequent bioluminescence through conversion of luciferin into oxyluciferin 

catalyzed by luciferase. Intracellular detections of H2O2 through fluorescence measurements 

have previously been reported using boronated fluorophores321 and a genetically encoded 

protein that emits fluorescence when oxidized by H2O2.331, 332 However, only 2- to 6-fold 

changes in fluorescence were observed. Importantly, since any coding or non-coding genetic 

sequence can be cloned downstream of the UAS, our developed system can not only be used 

as a cellular H2O2 sensor, but also as a transcriptional switch for the activation of any gene of 

interest by H2O2. 
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6.5 Selectivity of the Boronated Estrone Derivatives to H2O2 

One challenge in creating a cellular H2O2 reporter is to develop a genetic switch that is 

sensitive and selective to H2O2 over other competing cellular ROS, such as hydroxide 

radicals and hypochlorite ions.332, 333 In this regard, the selectivity of the developed gene 

activation system was tested in cell culture through treatment with several ROS: H2O2, tert-

butyl hydroperoxide (TBHP), hypochlorite (OCl-), hydroxyl radical (OH, generated from 

H2O2 and FeSO4), and tert-butoxy radical (OtBu, generated from TBHP and FeSO4). The 

boronated estrone 13  was used since it showed the highest recovery of gene expression after 

addition of H2O2, relative to native estrone (see Figure 6.3). Importantly, no reporter gene 

expression was observed in response to the tested ROS except H2O2 (Figure 6.6).  

 

 
Figure 6.6.  The boronated estrone derivative 13  is selective for H2O2. A431 cells (10,000) 
were transfected with pBind-ERα and pGL4.35, treated with estrone (11 , 50 nM), 13  (50 
nM), or only DMSO and exposed to H2O2, tert-butyl hydroperoxide (TBHP), hypochlorite 
(OCl-), hydroxyl radical (OH), and tert-butoxy radical (OtBu) (100 nM), and a luciferase 
assay was performed. Reporter gene activity is normalized to treatment with estrone (11). 
All experiments were performed in triplicate and error bars represent standard deviations. 
Adapted from Govan et al.328 
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Upon addition of H2O2 to the cells treated with the boronated estrone 13 , reported a 

luciferase response almost identical with that of native estrone-induced levels. However, 

exposure of to TBHP, OCl-, OH, or OtBu instead of H2O2 only resulted in background 

levels of gene expression. To confirm that these results are the consequence of a highly 

selective oxidation of the boronated estrone 13 , in vitro oxidation reactions were analyzed by 

GC (performed with Andrew McIver, Figure 6.7).  
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Figure 6.6 . GC analysis of the selective oxidation of boronate estrone 13 . Estrone 
derivative (13 , 100 µL, 500 µM, 1:1 PBS (pH = 7.4):MeOH) was mixed with ROS (H2O2, 
tert-butyl hydroperoxide (TBHP), hypochlorite (OCl−), hydroxyl radical (OH), and tert-
butoxy radical (OtBu), 1 mM) at rt for 30 min. The samples were extracted with DCM (100 
µL), dried with Na2SO4, and then analyzed by GC (0.8 µL injection) on an Agilent 
Technologies, 7820A GC system with FID detector. Column: HP-5MS 30m × 0.25mm × 
0.25um. Oven: 180-320 ºC at 10º/min, 320 ºC for 4 min. Injection: split ratio 1:40. Performed 
by Andrew McIver. Adapted from Govan et al.328 
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Furthermore, we performed a modified cell-based assay where the estrone and 

boronated estrone 13 were incubated with the ROS reagents prior to addition to the cells. In 

this assay, if the ROS oxidizes 13 , it should do so before being introduced into the cell, 

regardless of its lifetime. Confirming our previous results, selective activation of luciferase 

activity was detected only in the presence of H2O2 and no other ROS reagent (Figure 6.8). 

Together, this indicates that the estrone derivative 13 , in conjunction with a genetically 

encoded reporter, is highly specific for H2O2 and can differentiate it from other ROS with an 

exceptionally high signal-to-background ratio. 

 

 
Figure 6.8 . Reporter assay analysis of the selective oxidation of boronate estrone 13 . 
Estrone (11,  50 nM), estrone derivative (3 , 50 nM) or DMSO were mixed with ROS (H2O2, 
tert-butyl hydroperoxide (TBHP), hypochlorite (OCl−), hydroxyl radical (OH), and tert-
butoxy radical (OtBu), 100 nM) at rt for 1 h. After the oxidation reaction, the mixture was 
added to A431 cells (10,000) transfected with pBind-ERα and pGL4.35. A luciferase assay 
was performed after 48 h, and activity was normalized to treatment with estrone (11). All 
experiments were performed in triplicate and error bars represent standard deviations. 
Adapted from Govan et al.328 
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6.6 Conclusion 

In summary, we developed the first genetically encoded gene activation system that 

selectively responds to H2O2. This methodology can be easily engineered for the activation of 

any gene of interest. A central component of this system is a novel boronate-estrone 

“cofactor” that is cell permeable, but inactive until oxidized by H2O2. The oxidation step 

converts the inactive boronate-estrone into estrone, which induces transcriptional activation 

of the gene of interest, e.g., a luciferase reporter. The developed sensor was able to detect 

H2O2 that was either added to the cellular media or generated endogenously through growth 

factor-induced cellular stimulation. Importantly, the developed switch is highly specific for 

H2O2 and is not activated by any other tested reactive oxygen species. In contrast to 

previously reported intracellular H2O2 sensors, this genetic system displays a substantially 

larger dynamic range in output signal. Moreover, it is conceivable to adapt this system to 

other, orthogonal, ligand-induced transcription factors in order to activate genes of interest in 

response to a hydrogen peroxide stimulus. For example, in addition to transcriptional 

activators, fusion proteins of the ER have been used in the conditional control of Cre 

recombinase,334 the I-Sec1 restriction enzyme,335 Flpe recombinase,336 and Interferon 

Regulatory Factor-3.337 Thus, it is conceivable that these proteins and others can also be 

regulated by intracellular H2O2 levels using boronated estrone derivatives. Part of this work 

has been published in Angewandte Chemie.328 
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6.7 Experimental 

Estrone induced gene expression in mammalian cells.  A431 human epithelial 

carcinoma cells were grown at 37 °C and 5% CO2 in Dulbecco’s modified Eagle’s medium 

(Hyclone), supplemented with 10% Fetal Bovine serum (Hyclone) and 10% 

streptomycin/penicillin (MP Biomedicals). Cells were passaged into a white 96-well plate 

(200 µL per well, 10,000 cells per well) and transfected with pBind-ERα (0.15 µg, Promega) 

and pGL4.35 (0.15 µg, Promega) using Lipofectamine (1 µL/well, Invitrogen) according to 

the manufacturer’s protocol. All transfections were performed in triplicate. After 16 h 

incubation, the medium was replaced with DMEM growth media containing the estrone 

derivatives. The cells were then treated with H2O2 (100 nM) or EGF (1 µg/mL), and 

incubated for 48 h at 37 °C and 5 % CO2. Cells were assayed with a Bright Glo-Luciferase 

Reporter Assay system (Promega) using a BioTek Synergy 4 microplate reader. For each of 

the triplicates, the data was averaged and standard deviations were calculated. 

Selectivity of the boronate estrone derivatives for H2O2 induced gene 

expression in mammalian cells.  A431 human epithelial carcinoma cells were grown at 

37 °C and 5% CO2 in Dulbecco’s modified Eagle’s medium, supplemented with 10% Fetal 

Bovine serum, and 10% streptomycin/penicillin. Cells were passaged into a white 96-well 

plate (200 µL per well, 10,000 cells per well) and transfected with pBind-ERα (0.15 µg) and 

pGL4.35 (0.15 µg) using Lipofectamine (1 µL/well) according to the manufacturer’s 

protocol. All transfections were performed in triplicate. After a 16 h incubation at 37 °C and 

5% CO2, the medium was removed, and the media was replaced with DMEM growth media 
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containing the estrone derivatives. The cells were then treated with the following ROS (100 

nM): H2O2, tert-butyl hydroperoxide (TBHP), hypochlorite (OCl-), hydroxyl radical (OH) 

generated from H2O2 and FeSO4, and tert-butoxy radical (OtBu) generated from TBHP and 

FeSO4, and incubated for 48 h at 37 °C and 5% CO2. The media was removed and the cells 

were assayed with a Bright Glo-Luciferase Reporter Assay system using a BioTek Synergy 4 

microplate reader. For each of the triplicates, the data was averaged, and standard deviations 

were calculated. 

Ex vivo selectivity of the boronate estrone derivatives for H2O2 induced gene 

expression in mammalian cells.  A431 cells were passaged into a white 96-well plate 

(200 µL per well, 10,000 cells per well) and transfected with pBind-ERα (0.15 µg) and 

pGL4.35 (0.15 µg) using Lipofectamine (1 µL/well) according to the manufacturer’s 

protocol. All transfections were performed in triplicate. After a 16 h incubation at 37 °C and 

5% CO2, the medium was removed, and the media was replaced with DMEM growth media. 

Estrone (1  50 nM), estrone derivative (13 , 50 nM) or DMSO were mixed with ROS (H2O2, 

tert-butyl hydroperoxide (TBHP), hypochlorite (OCl−), hydroxyl radical (OH), generated 

from H2O2 and FeSO4, and tert-butoxy radical (OtBu), generated from TBHP and FeSO4, 

100 nM) at RT for 1h, and then added to the cells. The cells were further incubated for 48 h 

at 37 °C and 5% CO2. The media was removed and the cells were assayed with a Bright Glo-

Luciferase Reporter Assay system using a BioTek Synergy 4 microplate reader. For each of 

the triplicates, the data was averaged, and standard deviations were calculated. 

 



 

264 

Selectivity of the boronate estrone derivative 13 for H2O2 oxidation. Estrone 

derivative (13 , 100 µL, 500 µM, 1:1 PBS (pH = 7.4):MeOH) was mixed with ROS (H2O2, 

tert-butyl hydroperoxide (TBHP), hypochlorite (OCl−), hydroxyl radical (OH), generated 

from H2O2 and FeSO4, and tert-butoxy radical (OtBu), generated from TBHP and FeSO4, 1 

mM) at RT for 30 min. The samples were extracted with DCM (100 µL), dried with Na2SO4, 

and then analyzed by GC (0.8 µL injection) on an Agilent Technologies, 7820A GC system 

with FID detector. Column: HP-5MS 30m × 0.25mm × 0.25um. Oven: 180-320 ºC at 

10º/min, 320 ºC for 4 min. Injection: split ratio 1:40. 
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CHAPTER 7: PHTOREGULATION OF RESTRICTION ENDONUCLEASES  
VIA CAGED RESTRICTION SITES 

7.1 Introduction 

Restriction endonucleases are enzymes that cleave double-stranded DNA (dsDNA) by site-

specific recognition.338 Restriction enzymes are used extensively in molecular biology, 

especially recombinant DNA technology. To date, there are thousands of different restriction 

enzymes identified and the list of restriction enzymes that are commercially available is 

growing daily. Presently there are three different classes of restriction enzymes that differ in 

their cofactors, target sequence and the location of their cleavage site. The most common 

class of restriction enzymes is type II. These restriction enzymes require only Mg2+ as a 

cofactor, recognize 4-8 base-pairs, and cleave within the recognition site.   

We have previously shown that a single caging group installed on a nucleobase of a 

20-mer oligonucleotide could still allow DNA-DNA and DNA-RNA hybridization,56 

however, it could disrupt oligomer processing by polymerases or inactivate the catalytic 

ability of DNAzymes.57, 339 To test this, we hypothesized that through the incorporation of 

NPOM-caged thymidine nucleotides within the recognition site of restriction endonucleases, 

photochemical control of DNA-protein interactions could be achieved. Caging groups are 

placed within the recognition site of a type II restriction enzyme. The caging groups prevent 

the restriction enzyme from cleaving the caged substrate until UV light is applied, removing 

the caging group, and thus, allowing the restriction enzyme to cleave its target site (Scheme 

7.1A). In order to create a caged substrate, a NPOM-caged thymidine phosphoramidite was 

synthesized by Dr. Hrvoje Lusic (Deiters Lab) and site-specifically incorporated into DNA 
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through standard DNA synthesis (Scheme 7.1B). The caged substrates were subsequently 

used to study the light regulation of restriction enzyme cleavage of a DNA substrate without 

any modifications to the enzyme.  

 

 

Scheme 7.1.  NPOM caged, 5’,5’-dimethyoxytrityl (DMT)-protected thymidine 
phosphoramidite and its incorporation into synthetic DNA. The caged DNA can be 
effectively decaged through a brief irradiation with UV light at 365 nm. Adapted from 
Young et al.96 

 

7.2 Hybridization Studies  

Douglas Young (Deiters lab) had previously started investigating the regulation of restriction 

enzymes using caged restriction sites. A strand of DNA was designed that incorporated three 

different restriction enzyme cleavage sites, EcoRI, BglII, and BamHI.  These three restriction 
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enzymes were chosen because they are some of the common restriction enzymes and also for 

the abundance of thymidine nucleotides within the cleavage site. The thymidines in the DNA 

sequence were replaced with caged thymidines in sequential order from the 5’ end to the 3’ 

end. Initially, to ensure that the caging groups do not block DNA hybridization, the melting 

temperature (Tm) of each caged oligonucleotide, Tn, in the presence of its complement DNA 

was determined on a BioRad MyiQ RT-PCR thermocycler, conducting a series of three 

heating and cooling cycles (Table 7.1).96 A single caging group decreases the Tm 

approximately 5 °C. The addition of 2-3 caging groups lowers the Tm between 9-18 °C, 

however, hybridization was still detected in all constructions, leading us to conclude that the 

caging groups were not sufficient to disrupt DNA hybridization. 
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Table 7.1.  Synthesized caged restriction enzyme templates and melting temperatures (Tm) 
of noncaged and caged DNA-DNA hybrids. T denotes caged thymidine residue. Adapted 
from Young et al.96 
 

 

 

7.3 Cleavage Activity of Photocaged Restriction Sites 

The next step was to determine if the caging groups block cleavage of the oligonucleotide by 

these restriction enzymes. In order to detect cleavage of the DNA by the restriction enzymes, 

the complementary DNA sequence was 5’ end radiolabeled with 32P-λ ATP. The caged 

oligonucleotides were annealed to its radiolabeled complementary DNA sequence. The 

resulting double-stranded DNA, non-irradiated and irradiated (5 min, 25 W, 365 nm) was 

digested with EcoRI for 1 hour at 37 °C following the manufacturer’s protocol. The cleavage 
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of the double-stranded DNA was analyzed by polyacrylamide gel electrophoresis (Figure 

7.1). 

 

 
 

Figure 7.1.  EcoRI digest of caged double-stranded DNA. (A) Six substrates with caging 
groups in difference positions were digested with EcoRI (37 °C) in order to determine the 
effect of the caging group on its enzymatic activity. Reactions were irradiated at 365 nm (25 
W) for 5 min. (B) Quantitative measurement of the EcoRI cleavage of caged substrates. All 
digests were performed in triplicate and error bars represent the standard deviation. Assay 
performed by Doug Young (Deiters Lab). Adapted from Young et al.96 

 

There was no cleavage of dsDNA in the absence of EcoRI, (Figure 7.1, lane 1). 

However, in the absence of any caging groups, there is complete cleavage of the substrate, T0 

(Figure 7.1, lane 2).  In the presence of one caging group before the cleavage site (T1) there is 

incomplete cleavage of the dsDNA, however, after irradiation, the caging group is removed 

and complete cleavage was observed.  When the caging groups are placed within the 

restriction enzyme cleavage site (T2 and T3) DNA cleavage occurs in the absence of UV 

irradiation. After irradiation, there is complete cleavage (Figure 7.1, Lanes 5-8). In the 
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presence of multiple caging groups, T2,3,6, EcoRI activity is inhibited until exposed to UV 

light, at which, the caging groups are removed and activity is restored. If the caging group is 

located outside the restriction enzyme cleavage site, DNA was cleaved regardless of 

irradiation (Figure 7.1, lanes 9-12). The amount of DNA cleavage was quantified using 

ImageQuant software and is shown in Figure 7.1B. Dr. Young also completed analogous 

restriction digests with BglII and BamHI; which were performed in a similar fashion to 

EcoRI.96 

 

7.4 Kinetics of DNA Cleavage 

In order to ascertain that the presence of caging groups slows down enzymatic digestion or 

completely prevents its cleavage, a time course was performed for EcoRI with the caged 

thymidine at different positions relative to the cleavage site. The complementary DNA was 

5’ end radiolabeled with 32P-λ ATP. The caged oligonucleotides were annealed to their 

radiolabeled complementary DNA sequence. The resulting double-stranded DNA was 

digested with EcoRI for 90 min at 37 °C, taking aliquots at 0, 15, 30, 45, 60 and 90 min. The 

rate of cleavage of the double-stranded DNA was analyzed by polyacrylamide gel 

electrophoresis (Figure 7.2). The bands were quantified and the amount (percentage) of 

cleaved DNA was plotted against time (Figure 7.3). 
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Figure 7.2.  Time course assay of EcoRI digestion of caged constructs. Six caged 
oligonucleotides with a single caging group at different locations in the oligonucleotide were 
incubated with EcoRI at 37 °C for up to 90 min, with aliquots taken at 0, 15, 30, 45, 60, and 
90 min.   

 

EcoRI completely cleaved the non-caged DNA substrate, T0, within 30 min at 37 °C. 

When a caging group was placed within the restriction enzyme’s recognition site, as in T2 

and T3, EcoRI’s activity was completely suppressed, shown by the lack of RNA cleavage 

after 90 min at 37 °C (Figure 7.3). If the caging group was located in close proximity to the 

5’ end of the recognition site, as in T1, the rate of cleavage was significantly lower and only 

20% of the RNA substrate was cleaved. If the caging group was placed at the 3’ end of the 

recognition site, as in T5 and T6, the rate of cleavage was comparable to the non-caged 
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oligomer after 90 min. It seems that the effect of the caging group is related to its proximity 

to the recognition site; the closer the caged thymidine is to the recognition site, the slower the 

rate of RNA cleavage.  

 

 
Figure 7.3.  Quantification of the time course assay of EcoRI digestion of caged 
oligonucleotides. The bands in Figure 7.2 were quantified using ImageQuant and the 
percentage of cleavage was plotted against time. Adapted from Young et al.96 

 

7.5 Binding Affinity Studies 

Lastly, we wanted to know if the caging group blocked the binding of the restriction enzyme 

to the double stranded DNA. Therefore a gel shift assay was performed.  Oligomers T0 and 

T2 were hybridized with the radioactive labeled complementary DNA, followed by 

incubation at 37 °C for 1 h with increasing amounts of EcoRI in the absence of Mg2+. In 

order for the restriction enzyme to have enzymatic activity, it needs to bind to Mg2+.340, 341 

Therefore by eliminating Mg2+ from the reaction, we can look at the binding ability of EcoRI 

to the DNA substrate without inducing DNA cleavage. The samples were analyzed by 
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polyacrylamide gel electrophoresis (Figure 7.4) and quantitated using ImageQuant software. 

The data was plotted and analyzed to determine the binding constants, which were 0.54 µM 

for the noncaged substrate, T0, and 0.71 µM for the caged substrate, T2.  These values are in 

agreement with literature binding constants that were obtained under similar conditions, 

without Mg2+.338, 341 Our data suggests that the enzyme can bind to the DNA substrate 

irrespective of the presence of a caging group, although with a slightly lower affinity.  
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Figure 7.4.  Gel shift assay of non-caged and caged constructs. (A) T0 and T2 were 
incubated at 37 °C for 1 hr with increasing concentrations of EcoRI in the absence of Mg2+.  
(B) Quantification of gel shift assay. Gel images were quantified by ImageQuant, and then 
the bound DNA fraction was plotted against the concentration of EcoRI. Gel shifts were 
performed in triplicate (only one gel is shown) and error bars represent the standard 
deviation. Adapted from Young et al.96 

 

7.6 Conclusion 

In summary, we have effectively demonstrated both the activation of restriction 

endonucleases via the installation of a photolabile protecting group on the DNA substrate of 
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these enzymes. The results suggest that interplay of enzyme recognition and cleavage 

inhibition gives rise to this phenomenon. Based on the developed model, we hypothesize that 

enzyme recognition plays a larger role in restriction enzyme regulation by caging groups than 

inhibition of catalysis, as cleavage occurs even when caging groups are distant from the site 

of cleavage; however, the rate of catalysis is prolonged. Gratifyingly, in all cases, normal 

endonuclease activity is completely restored upon the photochemical removal of the caging 

group. These results indicate the possibility of a differential digestion of two cleavage sites 

with the same restriction enzyme prior and after light irradiation. Moreover, protection of 

restriction sites by photocaging groups might have implications on the stability of caged 

DNA in a cellular environment. Part of this work is published in ChemBioChem.96 
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7.7 Experimental 

Light-activated Restriction Enzyme Digests. Oligonucleotides were end labelled using 

γ32P-ATP (MP Biomedicals) and T4 Kinase (New England Biolabs) at 37 oC for 1 hour, and 

then purified using TE Midi Select-D, G25 microcentrifuge spin columns (Shelton 

Scientific). The γ32P-end labelled substrate (10 µL; 1 nmol) was incubated with its 

complementary strand (10 µL; 1 nmol) at 90 oC for 1 min, and then gradually cooled to 4 oC 

over 2 hours.  The dsDNA construct (2 µL; 0.1 nmol) was then subjected to a 50 µL EcoRI 

enzymatic digest according to manufacturer’s protocols (New England Biolabs). Upon 

completion, the enzyme was deactivated (70 oC, 20 min), and digests were analyzed on a 

20% polyacrylamide gel (400V, 40 min). Acrylamide gels were visualized using a Storm 

phosphorimaging system, and radioactive band intensities were quantified using ImageQuant 

5.2. 

Rate of dsDNA cleavage. Six caged oligonucleotides with a single caging group at different 

locations within the oligonucleotide were end labelled using γ32P-ATP and T4 Polynucleic 

acid Kinase at 37 °C for 30 min, and then purified using TE Midi Select-D, G25 

microcentrifuge spin columns. The γ32P-end labelled substrate (10 µL; 1 nmol) was incubated 

with its complementary strand (10 µL; 1 nmol) at 90 °C for 1 min, and then gradually cooled 

to room temperature. The dsDNA construct (2 µL; 0.1 nmol) was then subjected to a 50 µL 

EcoRI enzymatic digest, incubating at 37 °C for up to 90 min, with aliquots taken at 0, 15, 

30, 45, 60, and 90 min. Upon completion, the enzyme was deactivated (80 °C, 10 min), and 

digests were analyzed on a 20% polyacrylamide gel (400 V, 40 min). Acrylamide gels were 



 

277 

visualized using a Storm phosphorimager, and radioactive band intensities were quantified 

using ImageQuant 5.2. 

Gel Shift Analysis.  Radiolabeled DNA contructs, T0 and T2, were incubated at 37 °C for 

1 hr with increasing concentrations of EcoRI in binding buffer (20 mM Tris-HCl, pH 8, 1 

mM EDTA, 5 % sucrose, 10 mM DTT). The enzyme was deactivated (80 oC, 10 min), and 

digests were analyzed on a 12% native polyacrylamide gel (300V, 20 min). Acrylamide gels 

were visualized using a Storm phosphorimaging system. Gel images were quantified by 

ImageQuant 5.2, then the bound DNA fraction was plotted against the concentration of 

EcoRI. Gel-shifts were performed in triplicate (only one gel is shown) and error bars 

represent the standard deviation. 
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CHAPTER 8: DEVELOPMENT TOWARDS THE LIGHT-ACTIVATION OF CASPASE-3  

8.1 Introduction 

The site-specific incorporation of caged nucleotides into DNA and RNA oligomers is a 

powerful tool to regulate both transcription, translation, and various other processes, as 

previously described. However, the regulation of protein function is limited to either 

photocaging the oligomer substrate (if possible) or completely inhibiting the synthesis of the 

protein via an antisense agent or RNAi. The ability to manupulate amino acid residues in a 

highly specific manner is advantageous to study enzymatic activity, protein structure, and 

generate proteins with new functionalities.  

Within the last decade, the genetic encoding of unnatural amino acids developed by 

Schultz and others has become increasingly popular.342-345 This methodology relies on the use 

of the cell’s or organism’s own translational machinery to synthesize the modified protein. 

However, several parameters need to be met for successful site-specific incorporation of 

unnatural amino acids into proteins. First, an unique set compromising of a tRNA-codon pair, 

an aminoacyl-tRNA synthetase (referred to as tRNA synthetase) and an unnatural amino acid 

are required. This set of components must be orthogonal to the endogenous tRNA/tRNA 

synthetase pairs but also be compatible with the remaining translational machinery, e.g., the 

ribosome.  

Translation of protein encoding any of the 20 natural amino acids, results from the 

aminoacylation of the endogenous tRNA with the natural amino acid by the tRNA 

synthetase.342 The charged tRNA recognizes the correct codon sequence and enters the 
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ribosome for incorporation (Figure 8.1). The installment of unnatural amino acids occurs via 

the same process with an orthogonal tRNA/tRNA synthetase pair (shown in red below). The 

orthogonal tRNA synthetase pair is evolved to only recognize and aminacylate the 

orthogonal tRNA with the unnatural amino acid and is incorporated into the polypeptide 

chain in response of an amber stop codon, UAG. The amber stop codon is the least frequently 

used stop codon an thus is a proper codon for unnatural amino acid mutagenesis.345 Lastly, 

the unnatural amino acid must be non-toxic and taken up by cells in order to be present in the 

cytoplasm for successful incorporation into protein.344, 345 This methodology has been used to 

successfully incorporate over 40 unnatural amino acids in both pro- and eukaryotes.344 
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Figure 8.1. Unnatural amino acid incorporation. An orthogonal tRNA synthetase (red) 
aminoacylates an orthogonal tRNA (blue) with an unnatural amino acid. The unnatural 
amino acid is incorporated into the growing polypeptide change in response to an amber stop 
codon, UAG. The orthogonal tRNA/tRNA synthetase does not crosstalk with the endogenous 
tRNA/tRNA synthetase pairs or natural amino acids (shown in grey and black). Adapted 
from Young et al.342 

 

In the Deiters Lab, we have successfully incorporated a number of unnatural amino 

acids in both E. coli and in mammalian cells. Through the site-specific incorporation of 

unnatural amino acids such as ortho-nitrobenzyl caged tyrosine into the active site of proteins 

such as DNA polymerase,346 RNA polymerase,21 Cre Recombinase,22 and zinc finger 

nucleases,347 their enzymatic function can be tightly regulated through UV irradiation.  
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Recently, caged tyrosine has been installed in the STAT1 protein in mammalian cells and 

thus, the ablility to regulate tyrosine phosphorylation and signal transduction can be achieved 

in a high spatial and temporal manner.348 Similarly, caged lysine has also been incorporated 

to photochemically regulate protein localization in mammalian cells.349 We therefore, thought 

to expand the applications of a genetically encoded amino acid to include the regulation of 

both apoptosis and non-apoptotic processes. 

Apoptosis (or programed cell death) is a natural cellular process that is involved in 

development as well as in removing potentially harmful cells due to environmental 

conditions.350 Apoptosis has been shown to inhibit cells from acquiring tumorigenic 

properties, and thus is a preventative defense mechanism against diseases.351 Apoptosis can 

be induced by cytokines, hormones, viruses, and toxic exposure; however, the major 

biochemical pathway responsible for triggering apoptosis is through activation of the caspase 

family.352 Caspases are a family of cysteine-dependent aspartate-directed proteases that 

cleave their target substrate after an aspartic acid residue.352, 353 Caspases-1, -4 and -5 are 

involved in the immune response and the maturation of cytokines.350 Caspase-2, -8, -9, and -

10 are initiator caspases that are monomeric proteins that initiate apoptosis. On the other 

hand, caspase-3, -6, and -7 are effector caspases that are translated as dimers and require an 

initator enzyme to cleave an intersubunit linker for activation of the caspase. Once activated, 

these caspases target a wide range of proteins, leading to cell death.350, 354 

Caspase-3 is the major effector caspase that cleaves a number of different substrates 

to induced apoptosis.353 Therefore, the disregulation of caspase-3 can be castrophic and cause 

diseases that are associated with apoptosis disfunction. Thus, understanding procaspase-3 
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(inactive caspase-3 dimer) dimerization and activation could led to key insights for the 

development of small molecule inhibitor.  

In addition to playing an essential role in apoptosis, caspase-3 plays an critical role in 

the central nervous system and brain plasticity.355, 356 Caspase-3 is not only invloved in the 

early phases of the central nervous system development but also regulates synaptic function 

in the brain.356 For this reason, several studies have shown the involvement of caspase-3 in 

neurodegenative diseases, such as Alzheimer’s, Parkinson’s, and Huntington’s diseases.357-360 

Therefore, it would be advantageous to study the spatio-temporal involvement of caspase-3 

in an neuronal environment without inducing apoptosis.  

In collaboration with the Clark lab at NCSU, we are interested in site-specific incorporation 

of a photocaged cysteine or photocaged homocysteine residue into the active site of 

procaspse-3. This will facillate structural and kinetic studies to be performed on the 

procaspase-3 protein that would otherwise not be possible. Mutational analysis of 

procaspase-3 in Dr. Clark’s lab, led to the discovery of a constitutively active procaspase-3 

by a single point mutation at valine 266 to glutamic acid (V266E).361 This constitutively 

active caspase-3 does not require the cleavage of the intersubunit linker; however, it relies on 

the conformational change of the protein. We hypothesized that a photocaged cysteine or 

homocysteine amino acid can be site-specifically installed into the active site of procaspase-3 

(Cys163) through the previously described unnatural amino acid incorporation. To this end, 

nitropiperonyl ether (NPE) caged cysteine and NPE-caged homocysteine amino acids were 

synthesized (Rajendra Uprety, Deiters Lab, Figure 8.2), based on their structural similarity to 

a photocaged lysine amino acid that has previously been successfully incorporated by an 
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engineered pyrrolysyl-tRNA synthetase/tRNA pair in mammalian cells.349 We hypothesized 

that since caged homocysteine 17  is the same size as caged lysine 16 , that caged 

homocysteine would be successfully incorporated into procaspase-3. If this is true, then the 

caged cysteine 18  would be tested for incorporation into procaspase-3. Therefore, by 

incoporating a photocaged cysteine residue into the active site of the consititutively active 

caspase-3 protein, its activity can be tightly regulated in high spatial and temporal resolution. 

 

  
Figure 8.2. Structures of photocaged amino acids;  nitropiperonyl ether caged lysine 
16 ,nitropiperonyl ether caged homocysteine 17 , and nitropiperonyl ether caged cysteine 18 . 
These amino acids were synthesized by Rajendra Uprety in the Deiters lab.  

 

 Caspase-3 binds to its substrate through an interaction with Cys163 and a glutamic 

acid residue of the sustrate (Figure 8.3A). Therefore, by installing a caging group onto the 

catalytically active Cys163, the substrate cannot be cleaved, rendering it inactive (Figure 

8.3B). Likewise, a caged homocysteine residue could also be site-specifically incorporated 

into position 163, which would inactive the caspase-3 protein (Figure 8.3C). UV irradiation 

would cleave the caging group resulting in a native cysteine or homocysteine amino acid, 

respectively. The only difference between cysteine and homocysteine is an additional 

methylene group, extending the amino acid chain length. 
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Figure 8.3.  X-ray crystal structures of (A) caspase-3 binding to its substrate, and 
photocaged (B) cysteine and (C) homocysteine at cysteine 163. PBD: 4JD0.362 

 

8.2 Expression of Constitutively Active Procaspase-3 

First, transfection conditions were optimized to achieve the maximal expression of caspase-3. 

MCF7 cells were chosen for expression of caspase-3 because they do not express caspase-3 

but instread rely on other caspases.363 In this initial assay, MCF7 cells were transfected with 

an constitutively active procaspase-3 plasmid (pCaspase-3_V266E) using two different 

transfection reagents (FuGENE HD and Lipofectamine 2000) with two or three different 

concentrations. After a 24 h incubation, the cells were lysed and incubated with a caspase-3 
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substrate (Ac-DEVD-AFC), which turns fluorescent when cleaved by caspase-3. The 

incubation period of the cell lysate and the caspase-3 substrate was also optimized at this 

time by measuring the fluorescence (400/505 nm) over a 24 h time period. As shown below 

in Figure 8.4, assay buffer without any cell lysate, was used as a negative control sample and 

set the background level of fluorescence. An additional negative control, cells only, represent 

MCF7 cells that were not transfected with pCaspase-3_V266E. Since MCF7 cells do not 

express caspase-3 endogenously, low levels of fluorescence are expected and were observed 

with compareable levels to the assay buffer. FuGENE-1 resulted in the highest level of 

fluorescence measured. Other variations and concentrations of transfection reagents either 

did not express caspase-3 or did not match the activity level of FuGENE-1. Additionally, the 

incubation period of the cell lysate and caspase-3 substrate was optimized to an incubation 

time period of 20 h, for the greatest fluorescence achieved (Figure 8.4). 

 

 
Figure 8.4. Optimization of transfection reagent and time course for Caspase-3 activity 
assay. MCF-7 cells were transfected with pCaspase-3_V266E using different concentations 
of FuGENE-HD-1, -2, and -3 or Lipofectamine 2000, Lipo-1, and Lipo-2 (see experimentals 
for concentrations). After a 24 h incubation, the cells were lysed and incubated with the 
caspase-3 substrate (Ac-DEVD-AFC) for up to 24 h. Fluorescence was measured 1, 3, 5, 6, 
20, and 24 h after addition of the substrate (400/505 nm). Error bars represent the standard 
deviation of three individual experiments.  
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Next, the cysteine in the active site of the constitutively active caspase-3 was site-

directly mutated to the amber stop codon, TAG, generating the pCaspase-

3_V266E_C163TAG construct. This allows the orthogonal pyrrolysyl-tRNA/tRNA 

synthetase pair to incorporate an unnatural amino acid at this site. Thus, using the optimized 

transfection conditions established in the previous assay, Figure 8.4, MCF7 cells were 

transfected with either the wildtype constitutively active procaspase-3, pCaspase-3_V266E, 

or the TAG mutated pCaspase-3, pCaspase-3_V266E_C163TAG, and the tRNA/tRNA 

sythetase pair exprssion plasmid pAG3138 using FuGENE (Figure 8.5). After a 4 h 

incubation period, the media was replaced with DMEM media containing 1 mM photocaged 

cysteine (PCC) or photocaged homocysteine (PCHC) and the cells were incubated overnight 

at 37 °C, 5% CO2. The media was removed and replaced with PBS. The cells were either 

kept in the dark or irradiated at 365 nm (2 min), DMEM media was added, and the cell were 

incubated for an additional 2 h. The cells were then lysed, quantified, and a caspase-3 activity 

assay and western blot was performed (Figure 8.6).  

 

 

Figure 8.5. Plasmid maps of the constitutively active pCaspase-3_V266E, pCaspase-
3_V266E_C163TAG, and pAG3138. pCaspase-3_V266E_C163TAG has a TAG mutation at 
C163. The pAG3138 plasmid encodes 4 copies of the orthogonal tRNA and a single copy of 
the orthogonal tRNA synthetase. 
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As in the previous assay, the cell lysate was incubated with the caspase-3 substrate 

for 20 h and the fluorescence was measured (400/505 nm). An assay buffer control showed 

that the substrate was not fluorescent and sets the background level of fluorescence (Figure 

8.6A). As previously, MCF7 cells that were not transfected with the procaspase-3 plasmids 

showed a low fluorescent reading. MCF7 cells transfected with the constitutively active 

procaspase-3, pCaspase-3_V266E, resulted in 7-fold increase in fluorescence. Cells 

transfected with the mutated TAG plasmid and tRNA/tRNA sytnthetase pair, pCaspase-

3_V266E_C163TAG and pAG3138, but no unnatural amino acid was added to the cell 

culture media, also showed low fluorescence – as expected. Without the presence of the 

unnatural amino acid, no procaspase-3 should be translated, leading to a truncated product 

that is eventually degraded. Upon addition of the unnatural amino acids, photocaged cysteine 

18  and photocaged homocysteine 17  no fluorescence was detected in the presence or 

absence of UV irradiation. It would be expected that the caged procaspase-3 would be 

inactive when left in the dark, since the NPE caging group would prevent the cleavage of the 

substrate (see Figure 8.3). However, upon UV irradiation, the caging group was removed and 

thus the caspase-3 activity should be restored. This was not observed and it was spectualted 

whether the photocaged cysteine and homocysteine amino acids were incorporated.  

To this end, a Western blot was performed. The pCaspase-3_V266E plasmids have a 

FLAG tag on the C-terminus that is commonly used for purification or Western blot 

detection an anti-FLAG primary antibody. As a loading control, a housekeeping gene, 

GAPDH, was also detected using an anti-GAPDH primary antibody. A HRP-tagged 

secondary antibody was used and the bands were visualized using a HRP Colormetric 
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Development Reagent (Bio-Rad, Figure 8.6B). The procaspase-3 Western blot result was 

unexpected, since multiple bands were observed in all lanes, specifically a band close to the 

molecular weight of Caspase-3 (32 kDa). This does not correlate to Caspase-3 expression 

since the same molecular weigth band was also observed in the sample of MCF7 cells only, 

which should not have any FLAG-tagged proteins. Therefore, the FLAG-tagged antibody 

may not specific for detection of the FLAG-tagged protein as multiple bands are observed. In 

constrast, the GAPDH blot shows a single band, representing the GAPDH protein, and that 

equal amount of protein was loaded into all samples.  
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Figure 8.6. Incorporation of  17  and 18 into pCaspase-3. MCF-7 cells were transfected 
with pCaspase-3_V266E or pCaspase-3_V266E_C163TAG and pAG3138. The cells were 
lysed and (A) incubated with the caspase-3 substrate (Ac-DEVD-AFC) for 24 h. 
Fluorescence was measured 20 h after addition of the substrate (400/505 nm). Error bars 
represent the standard deviation of three individual experiments. (B) Caspase-3 expression 
was detected by Western blot analysis, and was developed with a HRP Colormetric 
Development Reagent.  

 

8.3 Optimization of Expression and Activation of Wild-Type Procaspase-3 

Difficulties in detecting this procaspase-3 mutant could be the result of the low stability of 

this enzyme, as previously observed (personal communication, Clay Clark). Thus, it was 

decided that instead of incorporating the photocaged amino acids into the constitutively 
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active variant, the amino acids would be incorporated into the wild-type (WT) procaspase-3, 

which is significantly more stable and should be detected by Western blot. The procaspase-3 

plasmid, pProcaspase-3 was transfected into HEK 293T and MCF7 cells using the same 

transfection conditions as above and cells were incubated for either 24 h or 48 h. The cells 

were lysed and were subjected to a Western blot as described above (Figure 8.7). After a 24 h 

expression period, a small band was present in both cell lines (Lanes 3 and 5) transfected 

with pProcaspase-3 (Figure 8.7A). Importantly, no band was present in the cell lysate of non-

transfected HEK293 or MCF7 cells, as expected. The GAPDH expression level was similar 

in all samples indicating equal loading of the protein samples. In the cell samples that were 

incubated for 48 h, prominent bands were observed in both cell lines that were transfected 

with the procaspase WT plasmid (Figure 8.7B, Lanes 3 and 5) and no bands were observed in 

the cell lysate of HEK 293 or MCF7 cells not transfected with the procaspase-3 WT plasmid 

(Lanes 2 and 4). Since a 48 h incubation and transfection in HEK 293T cells resulted in the 

highest expression level of procaspase-3, these conditions were used in subsequent 

experiments.  
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Figure 8.7.  Assay length time course for expression of pProcaspase-3 in HEK 293T and 
MCF7 cells. (A) 24 h incubation and (B) 48 h incubation. Lane 1: HEK 293T cells only, 
Lane 2: HEK 293T transfected with pProcaspase-3, Lane 3: MCF7 cells only, Lane 4: MCF7 
cells transfected with pProcaspase-3. Caspase-3 expression was detected with a rabbit-anti-
FLAG primary antibody and GAPDH expression with an rabbit-anti-GAPDH primary 
antibody. Goat-anti-rabbit HRP secondary antibody was used and the blot was developed 
with a HRP Colormetric Development Reagent. 

 

The WT procaspase-3 is functionally inactive unless activated either by upstream 

proteolysis or autoproteolysis, or a recently discovered small molecule that induces a stress 

signal to induce the caspase-3 cascade resulting in apoptosis.352-354, 364 Several studies either 

use cisplatin or strauosporine to activate procaspase-3.365-367 In order to determine the 

optimal concentration to activate procaspase-3, a dose-response was performed with each of 

the small molecule activators. First, pProcaspase-3 was transfected into HEK 293T cells as 

before. After 4 h, the media was replaced with DMEM media and the cells were incubated 

for 32 h. The media was replaced with DMEM media containing an increasing concentration 

of cisplatin and the cells were incubated for another 16 h, followed by lysis and caspase-3 

activity assay (Figure 8.8A). In HEK 293T cells that were transfected with the WT 

procaspase-3 plasmid but was not activated by cisplatin, exhibited an increase in 
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fluorescence compared to the assay buffer only. This was expected since HEK 293T cells 

express procaspase-3 endogenously,368 thus activated caspase-3 could already be present in 

the cells. Addition of cisplatin (0.1-1 µM) led to an ~2-fold activation, with only small 

differences between the varying concentrations. The highest concentration of cisplatin (30 

µM) was toxic to the cells leading to a lower level of fluorescence.   

In addition to the caspase-3 activity assay, a Western blot was performed as discussed 

before. The WT procaspase-3 is activated by cleavage of the intersubunit linker resulting in 

two subunits that are 17 and 15 kDa.361 In all samples, the procaspase-3 precursor was 

detected with no detection of the cleaved 17 kDa active caspase-3 (Figure 8.8B). The 

concentration of procaspase-3 seems lower in cells treated with 0.25-10 µM cisplatin 

compared to the cells that were not treated with cisplatin. Surprising, procaspase-3 was 

detected in cells treated with 30 µM cisplatin, even though cellular toxicity was observed. 
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Figure 8.8.  Activation of procaspase-3 with cisplatin. HEK 293T cells were transfected 
with pProcaspase-3 and incubated in DMEM containing increasing concentrations of 
cisplatin. The cells were lysed and (A) incubated with the caspase-3 substrate (Ac-DEVD-
AFC) for 20 h and the fluorescence was measured (400/505 nm). Error bars represent the 
standard deviation of three individual experiments. (B) Procaspase-3 expression was detected 
by Western Blot analysis and developed with a HRP Colormetric Development Reagent. 

 

In a similar manner as the previous assay, staurosporine is commonly used to activate 

procaspase-3, thus an identical dose-response experiment was performed to determine the 

optimial concentration of staurosporine needed to achieve the maximal activation of 
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procaspase-3. Here, a FITC-conjugated secondary antibody was used in the Western blots. A 

new secondary antibody was used that had a fluorescent tag because it is more sensitive than 

the HRP colormetric development. Similar to the previous assay (Figure 8.8), procaspase-3 is 

detected in all samples, with small changes in concentration with increasing concentration of 

staurosporine (Figure 8.9B). Additionally, the 17 kDa active caspase-3 was not detected in 

any of the cells that were treated with staurosporine. It should be noted however, that the 

quantification of cells treated with 1 µM staurosporine was not correct since very little 

GAPDH expression was detected. In order to account for this discrepency, the band 

intensities from the procaspse-3 Western blot were quantified so equal concentration of 

procaspase-3 was used for the caspase-3 activity assay. A relatively low level of fluorescence 

was observed with cells that were transfected with the WT procaspase but were not treated 

with cisplatin (Figure 8.9A). However, with addition of only 0.25 and 0.5 µM staurosporine, 

a maximum fluorescence was achieved. Higher concentrations (1, 5, and 10 µM) of 

staurosporine led to lower fluorescence readouts due to the toxicity of the staurosporine.  
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Figure 8.9. Procaspase-3 activation via staurosporine. HEK 293T cells were transfected 
with WT procaspase-3 and incubated in DMEM containing increasing concentrations of 
cisplatin. The cells were lysed and (A) incubated with the caspase-3 substrate (Ac-DEVD-
AFC) for 20 h and the fluorescence was measured (400/505 nm). Error bars represent the 
standard deviation of three individual experiments. (B) Procaspase-3 expression was detected 
by Western blot analysis. A goat-anti-rabbit FITC secondary antibody was used and the blot 
was scanned on a Typhoon phosphorimager. 
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8.4. Incorporation of Photocaged Lysine and Homocysteine into WT Procaspase-3 

In order to incorporate unnatural amino acids, specifically photocaged cysteine and 

homocysteine, into the active site of the WT procaspase-3 protein, the cysteine residue at 

position 163 was mutated to an amber stop codon, TAG. The newly constructed plasmid, 

pProcaspase-3_C163TAG was assessed in HEK 293T cells co-transfected with the pAG3138 

plasmid. Protein expression was conducted in DMEM media containing 2 mM photocaged 

lysine 16  or 0.5 mM photocaged homocysteine 17  for 48 h. These concentrations of 

unnatural amino acids were chosen based on previous lab members' experience with 

incorporation of unnatural amino acids into proteins as well as toxicity of the unnatural 

amino acid. The cells were lysated and subjected to a Western blot analysis as discussed 

before. As previously seen, pProcaspase-3 produced an abundance of procaspase-3 protein 

(Figure 8.10). Importantly, in the absence of an unnatural amino acid, no procaspase-3 was 

expressed in case of the TAG-mutated plasmid. However, both 16  and 17  were successfully 

incorporated into procaspase-3 as seen by corresponding bands in the Western blot. 

Nevertheless, expression levels were significantly lower than those observed for WT 

procaspase-3.   
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Figure 8.10.  Incorporation of 16  and 17 . HEK 293T cells were transfected with 
pProcaspase-3 or pProcaspase-3_C163TAG and pAG3138 and incubated in 2 mM 16  or 0.5 
mM 17 . The cells were lysed and Procaspase-3 expression was analysized by Western blot. 
Goat-anti-rabbit FITC secondary antibody was used and the blot was imaged on a Typhoon 
phosphorimager. Note: two bands in the GAPDH blot are observed due to the overloading of 
the gel. 

 

8.5 Conclusion 

In summary, transfection conditions and a fluorescence caspase-3 activity were optimized in 

mammalian cells. However, no activation was detected in cells expressing a constitutively 

active TAG mutant of procaspase-3 in the presence of photocaged cysteine or photocaged 

homocysteine after light activation. No procaspase-3 expression was detected by Western 

blot, possibly due to the low stability of the enzyme.  

Thus, WT procaspase-3 was expressed and the activation by cell treatment with 

cisplatin and straurosporine was optimized for the fluorescence assay. To incorporate 

photocaged amino acids within the active site of WT procaspase-3, site-directed mutagenesis 

was performed replacing Cys163 with an amber stop codon, TAG. The incorporation of 

photocaged lysine and photocaged homocysteine was confirmed by Western blot, although 

expression of the WT procaspase-3 mutant was low. Further attempts in optimizing the 

transfection conditions or increasing the concentration of plasmid or unnatural amino acid 
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did not increase the expression yield. Thus, further experiments are required, potentially 

involving the subcloning of WT procaspase-3-Cys163TAG in pAG38 plasmid, which 

contains the orthogonal pyrrolysyl-tRNA synthetase gene.  
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8.6 Experimentals 

Otimization of transfection conditions of pCaspase-3_V266E. MCF7 cells were grown at 

37 °C, 5% CO2 in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% 

Fetal Bovine serum (Hyclone), and 10% streptomycin/penicillin (MP Biomedicals). MCF7 

cells were passaged into a 6 well plate and grown to 65% confluency and transfected with 

pCaspase-3_V266E using the follow transfection conditions: FuGENE-1, 3300 ng DNA with 

10 µL FuGENE-HD (Promega); FuGENE-2, 3300 ng DNA with 13 µL FuGENE-HD; Lipo-

1, 2500 ng DNA with 10 µL Lipofectamine 2000 (Invitrogen); Lipo-2, 2500 ng DNA with 5 

µL Lipofectamine 2000; Lipo-3, 1500 ng DNA with 16 µL Lipofectamine 2000. The 

transfections were performed according to the manufacturer’s protocol. After 4 h incubation, 

the media was removed and replaced with DMEM and incubated for 24 h. The cells were 

lysed with mammalian cell culture protein extraction buffer (GE Healthcare) and the total 

protein concentration was quantified using a nanodrop spectrometer. Total cell lysate (100 

µg) was incubated in activity buffer (50 mM HEPES, 150 mM NaCl, 50 mM MgCl2, 250 µM 

EDTA, 10% sucrose, 0.1% CHAPS, pH 7.2) with caspase-3 substrate (50 µM Ac-DEVD-

AFC, 10 mM DTT, 1 mM PMSF) at 37 °C for up to 24 h. The fluorescence was measured 1, 

3, 5, 6, 20, and 24 h after addition of the caspase-3 substrate on a BioTek Syngery 4 plate 

reader (400/505 nm).  

Caspase-3 point mutation to pCaspase-3_V266E_C163TAG.  The constitutively 

active pCaspase-3_V266E was mutated at cysteine 163 to the amber stop codon, TAG, using 

QuikChange II XL Site-Directed Mutagenesis kit (Agilent Technologies). Forward primer: 5′ 
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CATTATTCAGGCCTAGCGTGGTACAGAAC. Reverse primer: 5′ 

GTTCTGTACCACGCTAGGCCTGAATAATG. The point mutation was verified by 

sequencing using a universal CMV promoter primer: 5′ CGCAAATGGGCGGTAGGCGTG. 

Incorporation of photocaged cysteine and homocysteine into pCaspase-

3_V266E_C163TAG.  HEK 293T cells were passaged into a 6 well plated and grown to 

65 % confluency within 24 h. The cells were transfected with either pCaspase-3_V266E 

(3300 ng) or pCaspase-3_V266E_C163TAG (3300 ng) and pAG3138 (3300 ng) using 

FuGENE HD according to the manfacturer’s protocol. After a 4 h incubation, the media was 

removed and replaced with DMEM media containing 1 mM photocaged cysteine or 1 mM 

photocaged homocysteine. After a 16 h incubation, the media was removed and the cells 

were irradiated (365 nm, 2 min), DMEM media was added and the cell incubated for 2 h. The 

cells were lysed with mammalian cell culture protein extraction buffer and 100 µg of total 

protein was incubated with caspase-3 substrate in activity buffer (see above) for 20 h at 37 

°C. The fluorescence was measured at 400 /505 nm on a BioTek Syngery plate reader. The 

cell lysate was analyzed by western blot. Total cell lysate (20 µg) was separated on a 12% 

SDS PAGE gel (1.5 mm thickness) and transferred to a nitrocellulose membrane. The blot 

was blocked with 5% milk in TBST for 1 h and incubated overnight at 4 °C in rabbit-anti-

FLAG (1:1,000 dilution, Rockland Inc) or rabbit-anti-GAPDH (1:1,000 dilution, Santa Cruz 

Biotechnology) primary antibodies diluted in TBST. The blot was probed with goat-anti-

rabbit HRP (1:1,000 dilution, Santa Cruz Biotechnology) secondary antibody and developed 

with HRP Colormetric Development Reagent 4CN (Bio-Rad). 
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Expession of WT procaspsae-3.  HEK 293T and MCF7 cells were passaged into a 6 

well plates and grown to 70 % confluency within 24 h. The cells were transfected with 

pProcaspase-3 (3.3 µg) using FuGENE HD according to the manfacturer’s protocol. After a 4 

h incubation, media was replaced with DMEM and after 24 h or 48 h, the cells were lysed 

and a western blot was perform. Total cell lysate (20 µg) was separated on a 12% SDS 

PAGE gel (1.5 mm thickness) and transferred to a nitrocellulose membrane. The blot was 

blocked with 5% milk in TBST for 1 h and incubated overnight at 4 °C in rabbit-anti-FLAG 

(1:2,000 dilution) or rabbit-anti-GAPDH (1:1,000 dilution) primary antibodies diluted in 

TBST. The blot was probed with goat-anti-rabbit HRP (1:1,000 dilution) secondary antibody 

and developed with HRP Colormetric Development Reagent 4CN. 

Activation of WT procaspase-3 with cisplatin.  HEK 293T were passaged into a 24 

well plates and grown to 70 % confluency within 24 h. The cells were transfected with 

pProcaspase-3 (550 ng) using FuGENE HD according to the manfacturer’s protocol. After a 

4 h incubation, media was replaced with DMEM and after 32 h the cells were treated with 

cisplatin (0, 0.1 (1 µL of a 50 µM solution in DMSO), 0.25 (2.5 µL of a 50 µM solution in 

DMSO), 0.5 (5 µL of a 50 µM solution in DMSO), 1 (10 µL of a 50 µM solution in DMSO), 

10 (5 µL of a 1 mM solution in DMSO), 20 (10 µL of a 1 mM solution in DMSO) or 30 µM 

(15 µL of a 1 mM solution in DMSO). Following a 16 h incubation, the cells were lysed with 

mammalian cell culture protein extraction buffer and a western blot was performed. Total 

cell lysate (20 µg) was separated on a 12% SDS PAGE gel (1.5 mm thickness) and 

transferred to a nitrocellulose membrane. The blot was blocked with 5% milk in TBST for 1 
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h and incubated overnight at 4 °C in rabbit-anti-FLAG (1:2,000 dilution) or rabbit-anti-

GAPDH (1:1,000 dilution) primary antibodies diluted in TBST. The blot was probed with 

goat-anti-rabbit HRP (1:1,000 dilution) secondary antibody and developed with HRP 

Colormetric Development Reagent 4CN. A caspase-3 activity was also perfromed by 

incubating 100 µg of total protein with caspase-3 substrate in activity buffer (see above) for 

20 h at 37 °C. The fluorescence was measured at 400 /505 nm on a BioTek Synergy plate 

reader. 

Activation of WT procaspase-3 with staurosporine.  HEK 293T were passaged into 

6 well plates and grown to 75% confluency within 24 h. The cells were transfected with 

pProcaspase-3 (3300 ng) using FuGENE HD according to the manfacturer’s protocol. After a 

4 h incubation, media was replaced with DMEM and after 32 h the cells were treated with 

staurosporine (0, 0.25 (1 µL of a 500 µM solution in DMSO), 0.5 (2 µL of a 500 µM solution 

in DMSO, 1 (4 µL of a 500 µM solution in DMSO), 5 (20 µL of a 500 µM solution in 

DMSO), or 10 µM (40 µL of a 500 µM solution in DMSO). Following a 2 h incubation, the 

cells were lysed with mammalian cell culture protein extraction buffer and a western blot was 

performed. Total cell lysate (20 µg) was separated on a 12% SDS PAGE gel (1.5 mm 

thickness) and transferred to a nitrocellulose membrane. The blot was blocked with 5% milk 

in TBST for 1 h and incubated overnight at 4 °C in rabbit-anti-FLAG (1:2,000 dilution) or 

rabbit-anti-GAPDH (1:1,000 dilution) primary antibodies diluted in TBST. The blot was 

probed with goat-anti-rabbit FITC (1:1,000 dilution, Santa Cruz Biotechnology) secondary 

antibody and imaged on a Typhoon 7000 FLA phosphorimager. A caspase-3 activity was 
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also perfromed by incubating100 µg of total protein with caspase-3 substrate in activity 

buffer (see above) for 20 h at 37 °C. The fluorescence was measured at 400 /505 nm on a 

BioTek Syngery plate reader. 

WT procaspase-3 point mutation to procaspase-3_TAG.  WT procaspase-3 was 

mutated at cysteine 163 to the amber stop codon, TAG using QuikChange II XL Site-

Directed Mutagenesis kit (Agilent Technologies). Forward primer: 5′ 

CATTATTCAGGCCTAGCGTGGTACAGAAC. Reverse primer: 5′ 

GTTCTGTACCACGCTAGGCCTGAATAATG. The point mutation was verified by 

sequencing using a universal CMV promoter primer: 5′ CGCAAATGGGCGGTAGGCGTG. 

Incorporation of photocaged lysine and homocysteine into procaspase-

3_C163TAG.  HEK 293T cells were passaged into 10 cm plates and grown to 70 % 

confluency within 24 h. The cells were transfected with either pProcaspase-3 (17 µg) or 

pProcaspase-3_C163TAG (17 µg) and pAG3138 (17 µg) using FuGENE HD according to 

the manfacturer’s protocol. After a 4 h incubation, the media was removed and replaced with 

DMEM media containing 2 mM photocaged lysine or 0.5 mM photocaged homocysteine. 

After a 48 h incubation, the cells were lysed with mammalian cell culture protein extraction 

buffer and 100 µg of total protein was incubated with caspase-3 substrate in activity buffer 

(see above) for 20 h at 37 °C. The fluorescence was measured at 400 /505 nm on a BioTek 

Syngery plate reader. The cell lysate was analysized by western blot. Total cell lysate (20 µg) 

was separated on a 12% SDS PAGE gel (1.5 mm thickness) and transferred to a 

nitrocellulose membrane. The blot was blocked with 5% milk in TBST for 1 h and incubated 
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overnight at 4 °C in rabbit-anti-FLAG (1:2,000 dilution) or rabbit-anti-GAPDH (1:1,000 

dilution) primary antibodies diluted in TBST. The blot was probed with goat-anti-rabbit 

FITC (1:1,000 dilution) secondary antibody and imaged on a Typhoon 7000 FLA 

phosphorimager. 
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