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                                     ABSTRACT OF THE DISSERTATION 

 

          Genetically Engineered Protein Modules: Development and Applications in  

 Anti-Viral Agent Screening and Cancer Marker Detection  

 

by 

 

Payal Biswas 

 

Doctor of Philosophy  

Cell Molecular and Developmental Biology Graduate Program 

University of California, Riverside, August 2010 

Dr. Wilfred Chen, Chairperson 

 

One of the most critical aspects in drug discovery is the bioactivity screening 

assay, by which compounds that most effectively inhibit the target are identified. During 

the past decade, the antiviral marketplace had experienced tremendous growth and is 

expected to grow further as new viral targets are identified. The persistent problem of 

viral resistance requires developing new-generation drugs to replace the existing ones. 

The pharmaceutical industry faces huge cost due to the failure of promising drug 

candidates to pass the test of potency and safety in humans. The quest for successful 

antiviral drugs is further hampered by the fact that successful drugs must often enter an 

infected cell and neutralize the replicating virus without causing harm to the host cell. To 

meet these challenges, the screening assays should be representative of the in vivo setting 

so that the results can be interpreted, with sufficient confidence, from the viewpoint of 

clinical efficacy. To this end, cell-based high-throughput screening (HTS) assays are 

preferred since they can provide additional information on the adverse effects of the drug 

and transport efficiency to the target cells. 
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The overall objective of this thesis is to develop a genetically programmable 

module that is easily adaptable for screening inhibitors for a wide range of proteases. 

Proteases are proteolytic enzymes that catalyze the cleavage of peptide bonds. They play 

important role in many essential intracellular and extracellular processes such as viral 

infection, blood coagulation, caner development, fibrinolysis, hormone maturation, and 

apoptosis. These properties make proteases a prime target for detailed investigation in 

order for better understanding the disease development process and to identify targets for 

drug treatment.  

The approach was to generate a quantum dot (QD)-modified, protease-specific 

protein module that can be used as a Fluorescence Resonance Energy Transfer (FRET) 

based nanoprobe for probing protease activity. The site-specific incorporation of an 

acceptor fluorescent dye was accomplished using the thiol group of cysteine. While 

conjugation to QDs was facilitated by the presence of a hexa-histidine tag, due to its 

affinity for the Zn shell of QDs. Presence of an elastin domain within the module enabled 

the simple purification of the QD-modified FRET substrate. The modular nature of the 

design allowed easy alteration of the recognition sequence without significantly 

modifying other domains. Moreover, the FRET efficiency within the nanoassemblies was 

easily controlled by changing the QD- peptide dye ratios. The flexibility of the approach 

was demonstrated by generating nanoprobes for rapid and sensitive detection of the 

cancer-specific matrix metalloprotease (MMP-7) and the West Nile virus protease (NS3). 

Intracellular delivery of the substrates was facilitated by the use of a flanking TAT 

peptide. The effectiveness of the FRET substrate was investigated by monitoring the 
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whole-cell fluorescence ratio between the QD and the acceptor fluorescence dye when 

introduced into a HeLa cell line. The utility of the assay system was validated for the 

HTS of HIV protease inhibitors. 

This modular QD based FRET assay provides a future platform useful for general 

HTS of a wide range of protease activities relating to viral infection, blood coagulation, 

fibrinolysis, hormone maturation, and apoptosis. The ease of using this genetic approach 

also significantly reduced the cost associated with peptide synthesis. This could 

ultimately result in a low-cost screening drug platform for a wide range of protease 

targets important for human health.  

The integration of the development of tunable biomolecules with FRET-based 

HTS screening represents a unique effort that expands the fundamental development of 

protein engineering with the implementation of drug discovery. Through this research an 

integrated perspective of the important interfaces and synergies connecting biochemistry, 

modern genetics, and HTS was gained. 
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Introduction 

 Development of robust, sensitive and convenient bio-assay systems is a strong 

current scientific priority. As such, recognition based bioassays capable of specifically 

detecting chemicals, toxins and bio-agents in their native environment are under active 

development in many laboratories. The development of sound bioanalytical methods is of 

paramount importance during the process of drug discovery and development 

culminating in a marketing approval. Recent advance in combinatorial chemistry have 

opened up new avenues in the synthesis of large libraries of molecules as potential 

therapeutic agents (Geysen et al., 2003). This has revolutionized the field of drug 

discovery and necessitated the development of rapid and reliable assays for enzyme 

inhibition. One of the most critical aspects in drug discovery is the bioactivity screening 

assay, by which compounds that most effectively inhibit the enzyme target are identified. 

The screening assay should be representative of the in vivo setting so that the results can 

be interpreted, with sufficient confidence, from the viewpoint of clinical efficacy. To this 

end, high-throughput screening (HTS) methods to assay the activity of a formidable 

number of proteases have become indispensable to search through this vast library of 

targets.  

 

Importance of proteases as pharmaceutics targets  

Proteases are proteolytic enzymes that catalyze the cleavage of peptide bonds. 

There are an estimated 561 proteases in the human genome (Puente et al., 2003). 

Proteases perform essential functions in all living organisms. They play important role in 
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many essential intracellular and extracellular processes such as blood coagulation, 

fibrinolysis, hormone maturation, and apoptosis (Neurath, 1999; Vihinen et al., 2005). In 

addition, proteolytic processing events are fundamental in ovulation, fertilization, 

embryonic development, bone formation, control of homeostatic tissue remodelling, 

neuronal outgrowth, antigen presentation, cell-cycle regulation, immune and 

inflammatory cell migration and activation, wound healing, angiogenesis and apoptosis 

(Barrett et al., 1998; Hooper N.M. 2002). Accordingly, alterations in the structure and 

expression patterns of proteases underlie many human pathological processes including 

cancer, arthritis, osteoporosis, neurodegenerative disorders and cardiovascular diseases 

(Egeblad, M. & Werb, Z. 2002; Krane, S. M. 2003; Esler, W. P. & Wolfe, M. S. 2001; 

Luttun et al., 2000). Besides, many infectious microorganisms such as bacteria, viruses, 

and parasites use proteases as the key virulence factors for infection (Shao et al., 2002; 

Anand et al., 2003). These properties make proteases a prime target for detailed 

investigation to better understand the disease development process and to identify targets 

for drug treatment. Cysteine peptidases of the papain family, for example, have been used 

as putative drug targets for the treatment of musculoskeletal diseases and parasite 

infection (Steverding et al., 2006). Caspases are another class of drug targets involved in 

programmed cell death and inflammation (Wolf and Green, 1999). Other important 

proteases that have been examined as pharmaceutical drug targets include different viral 

proteases, botulinium neurotoxin, human renin for blood pressure, and plasmepsin for 

Malaria (Mittl and Grutter, 2006).  
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Role of proteases in virus life-cycles 

Rapid detection of viral infections and understanding viral pathogenesis are 

crucial for the prevention of infectious disease outbreaks, development of anti-viral drugs 

and biodefense. During antiviral drug development, any essential stage of the viral life 

cycle can serve as a potential drug target. Viral proteases are essential in the life cycle of 

many viruses, including picornviruses such as poliovirus (PV), retroviruses such as 

human immunodeficiency virus (HIV), and caliciviruses such norovirus (Byrd and 

Hruby, 2006). Proteases cleave viral protein precursors to form functional units or to 

release structural components. Viral protease has therefore been proposed as a main 

target for antiviral agents (Patick and Potts, 1998). Saquinavir, ritonavir, indinavir, and 

nelfinavir are FDA-approved antiviral agents against HIV that act by inhibiting the viral 

protease activity (Andre et al., 1998). Similarly, research on the treatment of severe acute 

respiratory syndrome (SARS) coronavirus has targeted protease inhibitors as the main 

focus since the epidemic of SARS occurred in southeastern Asia (Kuo et al., 2004; Toney 

et al., 2004). It has also been proposed to screen effective inhibitors against poliovirus 3C 

protease (Hata et al., 2000). Compound AG7088, a potent inhibitor of human rhinovirus 

(HRV) 3C protease, has proceeded into clinical trails (Patick et al., 1999). With vast 

progresses in development of viral protease inhibitors, methods providing quick and 

accurate screening processes at low cost are greatly desirable. 
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Bio-assays for high-throughput anti-protease drug screening 

Over the past decade, the HTS strategy has been bolstered by technological 

advances on several fronts: automation of liquid handling and dispensing for multi-well 

plates, creation of novel platforms such as microarrays, and development of better 

analytical tools to handle massive quantities of data (Fox et al., 2004). These advances in 

HTS have resulted in a paradigm shift in all stages of drug discovery, from target 

identification to toxicity assessment (Kumar and Clark, 2006). Although a wide range of 

in vitro HTS activity methods have been developed for proteases, they require the use of 

cell extracts or purified proteases and do not provide any information on cytotoxicity of 

the potential drug targets (Steinkuhler et al., 1996; Chen et al., 2003; Gosallia et al., 

2005; Sudo et al., 1996). In recent years, several cell-based platforms have been proposed 

for the HTS of protease inhibitors (Zhang, 2004; Lee et al., 2005).  

One of the most promising reporters for probing protease activity is based on the 

use of protease-targeted fluorogenic substrates in which fluorescence of the reporter 

molecule increases or changes following cleavage within the peptide scaffold of the 

probe (Mitra et al., 1996; Pennington and Thornberry, 1994). In most cases, the principle 

of fluorescence resonance energy (FRET) containing two organic fluorophores located 

less than 100Ǻ apart were used for the probe design. Cleavage of the linker peptide 

separates the two fluorophores, resulting in an increase in the emission intensity of the 

donor and a reduction of the acceptor emission (Figure 1.1). This change in fluorescence 

intensity can be correlated with the target protease activity. This approach, unfortunately, 

is suitable only for detecting extracellular proteases in the absence of a cell-permeable 
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partner. Moreover, in vitro studies pose a major drawback because they are not able to 

address questions regarding the adverse effects due to addition of the drug and the 

transport efficiency of the drug to the target cells. Efforts to alleviate this problem have 

been made by using genetically engineered green fluorescence protein (GFP) pairs as the 

FRET donors and acceptors (Zhang, 2004). GFP variants have been generated that harbor 

improved fluorescence properties and possess two different absorbance and emission 

spectra suitable for FRET applications (Nguyen and Daugherty, 2005). The most 

commonly used FRET reagents are based on the cyan fluorescent protein (CFP) and 

yellow fluorescent protein (YFP) pair (Heim and Tsien, 1996). The most distinct 

advantage of GFP FRET pairs is the ability to produce these substrates intracellularly in 

the desired location via genetic engineering. Recently the use of this approach has been 

demonstrated for intracellular monitoring of poliovirus 2A protease activity (Hwang et 

al., 2006). Cleavage of the FRET substrate by cells infected with polio viruses changes 

the emission to CFP rather than YFP. However, the use of stable, genetically engineered 

cell lines expressing different protease FRET substrates of interest is a formidable task, 

requiring the cloning of different vectors and the establishment of many different cell 

lines. One feasible alternative is to develop a simple platform to introduce FRET-probes 

inside living cells in a benign and robust manner with minimal cytotoxic effects.  
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Delivery of peptide-conjugates  

Different strategies have been employed in the past for cargo delivery to living 

cells including microinjection (Sokol et al., 1998), liposomal delivery (Matsuo, 1998), 

and electroporation (Chen and Gerion, 2004). Microinjection and electroporation are very 

invasive and may cause severe cell damage; liposome delivery often results in significant 

aggregation of signal in the endosomes. Recent research has identified several protein 

transduction domains (PTDs) and cell penetrating peptides (CPPs), such as the TAT 

peptide derived from HIV, that confer the ability of a conjugated cargo to enter living 

cells without permeabilization (Zorko and Langel, 2005). Peptide-mediated delivery has 

quickly become one of the more attractive methods due to the ease of use and the ability 

to target a range of cell types. A large number of cargoes such as DNA (Eguchi et al., 

2001), antibodies (Stein et al., 1999), PNA (Kaushik et al., 2002), and proteins (Pooga et 

al., 2001), have been successfully delivered inside living cells with minimal acute 

toxicity. Even nanoparticles such as quantum dots have been selectively delivered into 

the endosomes while maintaining the fluorescence property (Delehanty et al., 2006). This 

novel delivery method, when combined with protease-specific FRET pairs, could provide 

a powerful means for rapid, real-time detection of protease activity in living cells with 

high specificity and sensitivity. 

Quantum dot-peptide conjugates as protease FRET pairs 

One major limitation of conventional FRET substrates is the use of organic 

fluorophores as the label. These organic fluorophores have characteristics that limit their 

effectiveness, including narrow excitation bands and broad emission bands, which can 
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make simultaneous evaluation of several light-emitting probes problematic due to 

spectral overlap (Goldman et al., 2002). Also, many organic dyes exhibit low resistance 

to photodegradation, rendering them ineffective for long-term monitoring (Hermanson, 

1996). 

Luminescent colloidal semiconductor nanocrystals (quantum dots, QDs) are 

inorganic fluorophores that have the potential to circumvent some of the functional 

limitations encountered by organic dyes. In particular, CdSe-ZnS core-shell QDs exhibit 

size-dependent tunable photoluminescence (PL) with narrow emission bandwidths that 

span the visible spectrum and broad absorption spectra that allow simultaneous excitation 

of several particle sizes at a single wavelength (Chan and Nie, 1998). These nanoparticles 

also exhibit a high quantum yield (20 times more than organic fluorophores) and a high 

resistance to photodegradation (100 times better than organic fluorophores) (Goldman et 

al., 2002). Even individual QDs are easily observable by confocal microscopy. Recently, 

FRET-based bioassays have been successfully demonstrated using QDs as the energy 

donor (Medintz et al., 2006). QD emission can be size tuned to optimize the spectral 

overlap with a particular acceptor and a broad range of wavelength can be used for 

excitation. Successful replacement of organic fluorophores with CdSe-ZnS QDs as the 

fluorescence donor and Cy3 as the acceptor has recently been demonstrated, resulting in 

increased fluorescent stability suitable for long-term analysis (Medintz et al., 2006). A 

multifunctional modular peptide (Figure 1.2) was rationally designed to have several 

functional domains in a linear N to- C-terminal configuration including: (i) an N-terminal 

hexahistidine (His6) to facilitate self assembly onto ZnS shell of the QDs, (ii) a helix-
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linker spacer region to provide rigidity, (iii) an exposed protease recognition/cleavage 

sequence, and (iv) a C-terminal site-specific location (cysteine thiol) for fluorescent dye 

attachment. Cleavage of the linker peptide by the protease thrombin resulted in an 

increase in QD emission and quantitative data including enzyme kinetic parameter could 

be obtained and analyzed. However, the use of synthetic peptides as FRET substrates is 

expensive and lacks precise controllability of the FRET distance. Potentially, a simple 

method that will enable easy production, purification and conjugation of the fluorescent 

dye and QD can be employed to provide a low-cost and tunable approach for protease 

inhibitor discovery. A simple approach has been recently reported for bioconjugation and 

purification of QDs with IgGs using a tripartite elastin (ELP) fusion protein (Lao et al., 

2006). The tripartite fusion protein (His-ELP-PL) (Figure 1.3A) consisted of 1) a N-

terminus histidine tag (His) used for QD conjugation via strong metal-affinity 

coordination with Zn
2+

 on the core-shell, 2) an elastin (ELP) mid-block comprised of 78 

VPGVG repeating units for thermally-responsive purification, and 3) a C terminus 

Protein L (PL) that has high affinity towards immunoglobulin (Ig) κ-light chain of a 

wider range of species. For efficient purification, the unique phase transition behavior of 

elastin-like protein (ELP) was adopted. ELP is temperature-responsive protein consisting 

of repeating unit VPGXG. In higher temperature than transition temperature (Tt), phase 

transition of ELP occurs from soluble forms into aggregates and the precipitates can be 

resolubilized by lowering the temperature below Tt (Urry 1997). Due to its ability to 

undergo a reversible phase transition, ELP offers a convenient and efficient purification 
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method. Simple separation of the QD- His-ELP-PL-IgG complex was achieved by 

thermally-triggered precipitation without any interference of the QD functionality.  

 

Development of novel QD-based FRET assay system 

It is easy to envision that a direct extension of the approach is to create a 

genetically engineered protein module that is designed with 1) a QD binding moiety 

containing poly-histidine, 2) a C-terminal site-specific location (cysteine thiol) for 

fluorescent dye attachment, 3) a protease cleavage site, 5) a flanking TAT peptide 

sequence for cell penetration and 6) an ELP domain for thermal purification (Figure 

1.3B). The most important feature of the approach is that the modular design is intended 

to obviate the need for major redesign when targeting a new protease. Peptide specificity 

can be varied by altering only the recognition sequence without significantly modifying 

other modules. In addition, different cell-penetration peptides can be employed for 

optimal delivery efficiency and dye-QD spacing can be easily modulated by changing the 

encoding DNA sequences. 

The overall objective of this thesis is to develop a genetically programmable 

module that is easily adaptable for detecting a wide range of proteases and further to 

screen their inhibitors in a high throughput format. The approach is to generate a QD-

modified, protease-specific protein module that can be used as a FRET substrate for 

probing protease activity. Intracellular delivery of the substrates will be facilitated by the 

use of a flanking TAT peptide and the site-specific incorporation of an acceptor 
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fluorescent dye will be accomplished using a cysteine site by thiol modification of the 

cysteine residue. Presence of an elastin domain within the module would enable the 

simple purification of the QD-modified FRET substrate. The effectiveness of the FRET 

substrate will be investigated by monitoring the whole-cell fluorescence ratio between the 

QD and the acceptor fluorescence dye when introduced into a mammalian cell line 

expressing a protease under study. The overall goal was realized by research directed 

towards the following: 

1. Generated genetically engineered protein modules that can be used as TAT-modified 

QD FRET substrates.  

2. Investigated the FRET efficiency in response to proteases by varying the dye/QD ratio. 

3. Generated nanoprobes using the engineered protein module for detecting wide range of   

proteases 

4. Investigated the QD FRET assay system for detecting protease activity in-vivo. 

 5. Investigated utility of the FRET substrates for inhibitor screening using known 

protease inhibitors.  

6. Determined the utility of the system for probing different cleavage sites 

simultaneously. 
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Figure 1.1. (A) Fluorescence resonance energy transfer (FRET)-based probes for protease 

activity by incorporating donor and acceptor fluorochromes in proximity to each other. 

Proteolytic cleavage of the linker releases FRET.  

(B) Schematic representation of the fluorescent substrate of the 2Apro. In the presence of 

2Apro, the linker peptide is cleaved via the protease and resulting in the increased ECFP 

signal (adapted from Hwang et al., 2006) 
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Figure 1.2:  Schematic diagram of the self-assembled QD–peptide nanoprobes. Dye-

labeled modular peptides containing appropriate cleavage sequences are self-assembled 

onto the QD. Specific protease cleaves the peptide and alters FRET signature (adapted 

from Menintz et al, 2006). 
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Figure 1.3: (A) Elastin like protein was flanked by an N-terminus hexa-histidine tag and 

a C-terminus protein L. (B) A genetically engineered protein module for intracellular 

delivery of QD-based protease FRET substrate 
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Development of a QD-based nanoprobe using a novel genetically 

programmable multifunctional protein module for sensing protease 

activity 
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Abstract 

The important role of proteases in normal cellular processes, in disease 

progression and in viral infection calls for the development of sensors for monitoring 

protease activity and screening their inhibitors in a high throughput manner. Here, we 

demonstrate the development of a quantum dot (QD) based nanoprobe for probing 

protease activity.  The nanoprobe consists of a genetically engineered protein module that 

is designed with:  1) a QD binding moiety containing poly-histidine, 2) a cysteine site for 

fluorescent dye incorporation based on cysteine-thiol interaction, 3) a protease cleavage 

site, and 4) an ELP domain for thermal purification. In this design, the QD 

photoluminescence (PL) is quenched by the fluorescent dye due to fluorescence 

resonance energy transfer (FRET). Presence of active proteases disrupts FRET resulting 

in an increased QD PL thus enabling a simple activity assay. The modular nature of the 

genetically programmable protein module can be exploited for a wide range of proteases 

and significant reduction of cost on peptide synthesis. The flexibility of the approach was 

demonstrated by generating nanoprobes for rapid and sensitive detection of the cancer-

specific matrix metalloproteases (MMPs) and the West Nile virus protease (NS3). The 

FRET efficiency within the nanoassemblies was easily controlled and the sensors were 

able to detect protease activity with the sensitivity to a few nanograms per milliliter. The 

assays provided quantitative information on enzyme kinetics and were utilized for 

screening protease inhibitors.  Our system is anticipated to find applications in the 

diagnostic and pharmaceutical fields for the diagnosis of protease related diseases and 

screening of potential drugs with high sensitivity in a high throughput manner.  
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Introduction 

Proteases play an important role in many human disease progression such as 

cancer and inflammation (Edwards et al., 2008), and in viral infection such as AIDS and 

Hepatitis (Anand et al., 2003).  As a result, many of these proteases have been employed 

as a main target for drug development and disease diagnostics. With the increasing 

number of synthetic molecules that can be used as potential therapeutic agents (Geysen et 

al., 2003), a rapid and sensitive method to assay proteases and their corresponding 

inhibitors in a high throughput setting is needed.  One of the most promising methods for 

probing protease activity is based on the principle of fluorescence resonance energy 

transfer (FRET) (Mitra et al., 1996; Pennington and Thornberry, 1994). Typically, two 

organic fluorophores located less than 100 Å apart are linked by a protease cleavage 

sequence thereby enabling the transfer of energy from the donor to the acceptor.  Activity 

of the protease can be assessed by an increase in the emission intensity of the donor and a 

reduction of the acceptor emission due to cleavage of the linker peptide.  However, one 

of the major drawbacks of using organic fluorophores is their low resistance to 

photodegradation, rendering them ineffective for long-term monitoring (Hermanson et 

al., 1996).  

To circumvent some of the functional limitations encountered by organic dyes, 

quantum dots (QDs) have been exploited as the energy donor (Bruchez et al., 1998; 

Michalet et al., 2005; Medintz et al., 2003 and 2005). QDs are luminescent 

semiconductor nanocrystals that exhibit excellent optical properties including narrow 

emission, broad excitation, high quantum yield and high resistance to photodegradation. 
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These unique spectral properties enable the use of QD for simultaneous multiplex 

labeling and detection using a broad range of excitation wavelength (Xia et al., 2008; 

Kim et al., 2008). Recently, FRET-based protease bioassays have been successfully 

demonstrated using QDs as the energy donor (Medintz et al., 2006).  A chemically 

synthesized peptide was designed to contain an N-terminal hexahistidine (His6) for QD 

conjugation and a C-terminal cysteine for Cy3 attachment. Cleavage of the linker peptide 

by the protease thrombin resulted in increase in QD emission and quantitative data of 

proteolysis can be determined. However, the use of synthetic peptides as the FRET 

substrate is expensive. Moreover, purification of the protein-dye conjugates require 

tedious washing and elution steps making it difficult to be configured in a high-

throughput manner. Ideally, a method that offers easy production, purification and 

conjugation of the peptide substrate to both fluorescent dyes and QDs is of great 

significance for high throughput screening of protease inhibitors.    

In this paper, we introduce a new generation of genetically programmable protein 

module that can be used as a QD-modified, protease-specific FRET nanoprobes for 

probing protease activity. The protein modules are designed with:  1) a QD binding    

moiety containing a hexa-histidine (his6) tag, 2) a protease cleavage site, 3) a unique 

cysteine site for fluorescent dye incorporation based on thiol-maleimide interaction, and 

4) an ELP domain for thermally triggered purification based on ELP‘s ability to undergo 

a reversible phase transition from water-soluble forms into aggregates. Since the protein 

module can be produced in large quantities by fermentation, this approach offers a 

significant reduction in the cost of substrate. Moreover, the modular nature of the 
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different domains simplifies the redesign of the protein module when targeting a new 

protease. To demonstrate the modular nature of the approach, two QD-based FRET 

nanoprobes were generated for rapid and sensitive detection of two proteases - the 

cancer-specific matrix-metalloprotease (MMP-7) and the West Nile virus protease (NS3) 

- with therapeutic applications. 
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Materials and Methods 

Materials 

 TOPO capped QDs (QD 545) were purchased from Evident Tech. Inc. Dihydro- 

Lipoic acid was from Sigma. Tris-(2-carboxyethyl) phosphine (TCEP) and Alexa 568 

maleimide were from Invitrogen. Matrix metalloproteinase-7 (MMP-7) and its inhibitor 

were purchased from Calbiochem. West Nile Virus protease (NS3) and its inhibitor 

undeca- D-Arg- NH2 were from Anaspec. All other chemicals were purchased from 

Sigma. Fluorescence emission spectra were collected using a fluorometer (Synergy
TM

 4, 

BIOTEK® Instruments) 

Design of constructs 

To construct an expression vector for His6-MMP-7-Cys-ELP105K-TAT (pET-H-

MMP-7-ET), plasmid p08-ELP105K-EC20 described by Lao et al (Lao 2007) was 

digested with SmaI and HindIII and a DNA fragment encoding TAT peptide (amino acid 

sequence: GGTKTGRRRQRRKKRGY) was inserted between the same restriction sites. 

The resulting plasmid p08-ELP105K-TAT was cut with BamHI and NdeI and 1.7 kb 

fragment was ligated to plasmid pET14 (Novagen, Madison, WI) treated with same 

enzymes to generate pET-ELP105K-TAT. An artificial gene carrying hexa-histidines and 

the MMP-7 cleavage sequence containing peptide with cysteine was prepared by heating and 

annealing two oligonucleotides, 

CATGGGCCATCATCATCATCATCATGTGCCTCTGTCACTGACTATGGGTTGCC

A and TATGGCAACCCATAGTCAGTGACAGAGGCACATGATGATGATGATG 
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ATGGCC and ligated to the 6.3kb fragment obtained from pET-ELP105KTAT by 

digesting with NcoI and NdeI to create pET-H-MMP-7-ET. The expression vector for 

His6-NS2B/NS3-Cys-ELP105KTAT (pET-H- NS2B/NS3-ET) was prepared the same 

way by using the oligonucleotides   CATGGGCCATCATCATCAT 

CATCATCTTCAATATACAAAGAGAGGGGGCGTGCTTTGGGACTGCCA and 

TATGGCAGTCCCAAAGCACGCCCCCTCTCTTTGTATATTGAAGATGATGATGA

TGATGATGGCC. 

Expression and purification of peptides 

For protein expression, E. coli BL-21 (DE3) (Novagen) transformed with plasmid 

pET-H-MMP-7-ET and pET-NS2B/NS3-ET was grown in terrific broth media 

containing 100 μg/ml ampicillin at 37
o
C until optical density (O.D.) at 600 nm reached 

0.5. The flasks were then transferred to 30
o
C for expression. When the O.D. at 600nm 

reached 5, cells were harvested by centrifugation, resuspended in 50mM Tris/HCl (pH 

8.0) with 0.1M NaCl and 1 mg/ml of lysozyme, and lysed by sonication. Cell debris was 

removed by centrifugation at 16,000 g for 30 min.  Proteins were purified by repeated 

temperature transition cycles as described previously (Kim et al 2005). Briefly, for each 

cycle, NaCl was added to the sample at a final concentration of 2M and the sample was 

heated to 37
o
C and centrifuged at 16,000 g at 30

o
C for 15 min. The pellet containing the 

proteins were resuspended in ice-cold 50mM Tris/HCl (pH 8.0) with 0.1M NaCl and 

centrifuged at 16,000 g at 4
o
C for 15 min to remove undissolved proteins.  This 

temperature transition cycle was repeated once more, and the pellet containing either H-
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MMP-7-ET or H-NS2B/NS3-ET was finally resuspended in ice cold 50mM Tris/HCl (pH 

8.0) with 0.1M NaCl. The purity of the protein was determined by SDS-PAGE 

electrophoresis.  

 

Conjugation of peptides with fluorescent dye 

The labeling of the proteins with thiol reactive dye was performed by modifying 

the procedure of Massodi et al. (Massodi 2005). Purified proteins were resuspended in 

50mM potassium phosphate buffer (pH 7) at a final concentration of 40 uM. Tris-(2-

carboxyethyl) phosphine (TCEP) and Alexa 568 maleimide, thiol reactive dye, were 

added to a 10-fold and 2-fold molar excess, respectively. The mixture was incubated with 

end-over-end rotation for 2hr at room temperature in the dark.  The reaction was stopped 

and the unreacted dyes were removed by two or three thermal precipitation cycles as 

described in the protein purification procedure. The degree of labeling of the protein was 

calculated by using the formula: 

 

Where Ax is the absorbance value of the dye at the absorption maximum wavelength and Ɛ is the 

molar extinction coefficient of the dye. 

Assembly of QD-protein-dye conjugates to a functional nanoprobe 

The conjugation of QDs to fluorophore-labeled protein module to complete the 

FRET pair, was adapted from Clapp et al (Clapp 2006). To start with the TOPO-capped 
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CdSe/ZnS QDs with 540 nm of emission maximum were made water-soluble QDs, by 

doing a cap exchange with dihydrolipoic acid (DHLA) according to the protocol by 

Clapp et al (Clapp 2006).  390 nM of DHLA-capped QDs were added to Alexa568-

labeled proteins, resuspended in 10mM HEPES buffer (pH 8.2) at 1:1 to 1:20 ratio of 

QDs to protein module. The samples were mixed thoroughly and incubated at room 

temperature for overnight. After conjugation, the FRET efficiency was measured using a 

fluorometer by exciting at 430 nm and the spectrum was recorded from 475 nm to 650 

nm.  

In-vitro protease assays using the nanoprobes 

  For the in-vitro MMP-7 assay, 130 nM of QD545-MMP-7-Alexa 568 conjugates 

in 10 mM HEPES buffer (pH 7.4, 150 mM NaCl, 5 mM CaCl2) was taken in a 96 well 

plate and MMP-7 was added at a final concentration of 10 ng/ml- 10 µg/ml. The 96- well 

plate was incubated at 37°C for 1-2 hrs with a tight seal to prevent water evaporation. 

Following a protease reaction, fluorescence intensity in each well was measured using a 

microplate reader (Synergy
TM

 4, BIOTEK® Instruments, Inc., Winooski, VT). For the in-

vitro NS3 assay a similar reaction was set up, with 130 nM of QD545–NS2B-NS3-Alexa 

568 conjugates in 200mM Tris pH 9.5, 13.5mM NaCl, 30 percent glycerol and NS3 was 

added at a final concentration of 100 pM- 100 nM. For the inhibition studies, a similar 

reaction was set up except that the proteases were pre-incubated with the increasing 

concentration of the respective inhibitors and then the protease-inhibitor complex was 

incubated with the substrates.  
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Results 

Protein module design and peptide synthesis 

To detect MMP-7 activity, a protein module was designed to contain the MMP-7 

cleavage sequence (VPLSLTMG) and the ELP domain 

[(VPGVG)2VPGKG(VPGVG)2]21. This particular ELP domain was chosen based on its 

transition temperature of ~50
o
C under physiological conditions, which enables the 

potential usage of the module for in vivo studies (scheme 2.1).  By taking advantage of 

the modular nature of the design, a similar protein module was designed for the WNV 

NS3 protease by replacing the MMP-7 cleavage sequence with that for NS3 sequence 

(LQYTKRGGVLWD). Unlike other probes designed for WNV NS3, which employed 

only a quadrapeptide sequence, the entire NS2B-NS3 cleavage sequence was used in this 

module to mimic the natural WNV NS3 cleavage site. Both protein modules were 

produced in E. coli BL-21 Gold (DE3) and purified by taking advantage of the 

temperature-responsive properties of ELP. After two rounds of temperature triggered 

precipitation and resolubilization, purified proteins of the expected molecular weight of 

48 kDa (Figure 2.1 A and 2.1C) were detected by SDS-PAGE.  

 

Assembly and characterization of the nanoprobes 

Dihydrolipoic acid (DHLA) capped QDs with an emission maximum at 545 nm 

(QD545) was selected for the nanoprobes assembly. A thiol-reactive Alexa 568 

maleimide dye was chosen as the fluorescent acceptor because of the favorable spectral 
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overlap with the DHLA-capped QD545.  Conjugation of Alexa 568 to the proteins was 

mediated through the formation of a thioether bond with a unique cysteine residue after 

the protease cleavage sequence (Kim et al., 2005; Scheme 2.1). Presence of the ELP 

domain enabled the separation of unreacted dyes using thermally triggered precipitation 

in place of more tedious and expensive methods such as desalting column or dialysis. The 

conjugation of the dye to the two different protein modules was evaluated using SDS-

PAGE (Figure 2.1 B and 2.1 D). A strong fluorescent band corresponding to each of the 

two protein modules was detected under UV light, confirming the successful conjugation 

to Alexa 568.  

To generate the functional nanoprobes, Alexa-labeled MMP-7 modules were 

assembled onto DHLA-capped QDs via metal affinity interaction between the His6 tag 

and the ZnS shell of the QD. As expected, binding of Alexa-labeled MMP-7 modules to 

QD 545 resulted in FRET with a corresponding quenching of the QD signal and an 

increase in the Alexa intensity (Figure 2.2 A). The FRET ratio expressed as Alexa (568 

nm)/QD (545 nm) emission increased with an increasing amount of MMP-7 module 

added (Figure 2.2 B). A conjugation ratio of 3 Alexa-labeled MMP-7 modules per QD 

was chosen for further study as there was over 85% loss in the QD photoluminescence 

and cleavage of even a small number of target protease sequences should result in a large, 

detectable change in the FRET ratio as indicated by previous reports (Medintz et al., 

2006).  A similar increase in the FRET ratio was obtained with the Alexa-labeled NS3 

module, although the maximum FRET ratio obtained was 11, which is lower than that of 

the MMP-7 module (Figure 2.2 C and 2.2 D) even at a module to QD ratio of 20.  This 
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smaller FRET ratio is likely due to the increased distance for the NS3 cleavage sequence 

and the different orientation of the assembled modules. Subsequent investigations with 

the NS3 module were conducted using the assembly ratio of 10.  

 

Detection of MMP-7 proteolytic activity using the nanoprobe 

After demonstrating the successful assembly of the MMP-7 nanoprobes, their 

applicability for MMP-7 detection was evaluated.  In principle, the nanoprobes should be 

cleaved between the serine and leucine residue of the substrate upon addition of MMP-7, 

leading to a significant change in the FRET ratio (Turk et al., 2001).  The nanoprobes 

were incubated with 10 g/mL of MMP-7 and the fluorescent signals were recorded for 2 

hr.  Figure 2.3 shows the temporal profile of the MMP-7 proteolytic reaction. In the 

absence of MMP-7, the FRET ratio of the nanoprobes was maintained around 12 

throughout the 2 h incubation with buffer. In contrast, a sharp decline in the FRET ratio 

was observed as early as 30 min after MMP-7 addition. This decline in the FRET ratio 

continued with time, reaching less than 70% (FRET ratio=3.8) of the original value in 2 

hr. This notable decrease in the FRET signal is consistent with the MMP-7 mediated 

cleavage of the nanoprobes which led to the expected release of Alexa dyes from the 

QDs.  

To investigate the sensitivity of the MMP-7 nanoprobes, similar proteolytic 

reactions were conducted with an increasing concentration of (10 ng/ml-10 µg/ml) MMP-

7. As shown in Figure 2.4, the FRET ratio decreased with increasing concentrations of 
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MMP-7 and as low as 10 ng/ml of MMP-7 could be detected. This result indicates that 

the FRET ratio change of the MMP-7 nanoprobes can be used to accurately correlate with 

MMP-7 activity. Moreover, the range of detection is well within the secretion levels in 

malignant tissues (<600 ng/mL) (Maurel et al., 2007) and in cancer patient sera (< 126 

ng/mL) (Watelet et al., 2004), making this a suitable platform for quantitative assessment 

of MMP-7. 

 

MMP-7 Inhibition Assay 

To determine if these MMP-7 nanoprobes could potentially be used in inhibitor 

screening, we carried out assays with a known broad spectrum MMP-7 inhibitor (MMP 

Inhibitor III). Figure 2.5 shows the results of assaying an increasing concentration of the 

inhibitor against a constant concentration of nanoprobes and MMP-7. When compared to 

samples not treated with MMP-7, 100% inhibition of activity was observed at the highest 

inhibitor concentration of 10 M. As expected, the level of inhibition decreased with 

lowering doses to less than 22% at 0.1 M.  The dose-dependent nature of the inhibition 

demonstrates the ability of the nanoprobes to provide quantitative assessment of a given 

inhibitor and can be very useful for screening a wide range of MMP-7 specific inhibitors.  
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Sensing WNV-Pr (NS3) proteolytic activity using the nanoprobe 

The modular nature of our nanoprobe design allowed the easy adaptation to target 

the WNV NS3 protease. Since the NS3-sensitive cleavage sites in the polyprotein 

precursor predominantly exhibit arginine at the P1 position, arginine or lysine at the P2 

position, and glycine or serine at the P1‘ position (Shiryaev et al., 2006), a NS3 cleavage 

site sequence composed of LQYTKRGGVLWD was incorporated in our new nanoprobe 

design. To detect WNV-Pr activity, the NS3 nanoprobes were incubated with 100 nM of 

NS3 for 2 h. Similar to the result with MMP-7, a rapid decline in the FRET ratio was 

observed upon NS3 addition (Figure 2.6). The sensitivity of the NS3 nanoprobes was 

significantly higher than that for MMP-7 and as low as 0.5 nM can be detected (Figure 

2.7).  This detection limit is the lowest ever reported in literature when compared with 

other FRET systems using organic fluorophores and again highlights the benefit of using 

QD as the donor molecule. 

 

NS3 Inhibition Assay 

To further illustrate the utility of the NS3 nanoprobes for screening NS3 

inhibitors, a known inhibitor undeca-D-Arg-NH2 which was found to be effective at the 

nanomolar range against NS3 was used (Shiryaev et al., 2006). In the undeca-D-Arg-NH2 

treated samples, virtually 100% inhibition of the NS3 activity was observed at 40 nM or 

higher concentrations, a result consistent with the reported efficacy of undeca-D-Arg-

NH2 (Figure 2.8). The level of inhibition was still 80% even at the lowest concentration 
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tested of 4 nM, while no inhibition was detected without the addition of undeca-D-Arg-

NH2.  These results again highlight the extremely sensitive nature of our QD-based 

nanoprobes for inhibitor screening. Considering the importance of NS3 in WNV 

replication, the reported NS3 nanoprobes may find practical applications in developing 

the next generation of anti-WNV agents.  
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Discussion 

Here we demonstrate the establishment of a nanoscale sensor consisting of QD-

peptide conjugates that are capable of specifically detecting the activity of proteolytic 

enzymes. These sensors are based on the principle of FRET, where the donor fluorophore 

(QD) is linked to an acceptor fluorophore (Alexa 568 dye) through a protease cleavage 

sequence. Proteolytic cleavage of the sequence by the protease disrupts FRET and 

provides rapid and sensitive detection of proteases. The presence of QD offers a central 

nanoscaffold for assembling multiple dye labeled peptides. The spectral overlap between 

QD545 and Alexa 568 provides efficient energy transfer making it an ideal FRET pair, 

however by using QDs of different emission wavelength as the donor several different 

FRET pairs can be generated.  

In preparing these nanoprobes, a genetically programmable protein module 

harboring different functional domains in a linear N to C terminal has been developed 

which offers several distinct advantages over the broad array of existing FRET based 

sensors for detecting protease activity. The in house production of protein modules 

containing the protease cleavage sequence caused a significant reduction on the cost of 

peptide synthesis as opposed to use of synthetic peptides for carrying out FRET based 

assays. Another major advantage of using the programmable protein module is the 

modular nature of the module which obviates the need for major redesign when targeting 

a new protease. Peptide specificity can be varied by altering only the recognition 

sequence without significantly modifying other domains. In addition, the presence of 

ELP domain at the C terminus allowed rapid and convenient purification of proteins and 
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helped escaping the conventional and formidable protein purification steps. Moreover the 

yield of the protein using this purification was significantly higher compared to the other 

protein purification procedures. ELP domain also enabled the separation of unreacted 

dyes using thermally triggered precipitation rather than conventional expensive and time 

consuming methods such as desalting column or dialysis. After three cycles of 

purification, free dye was no longer detected in the supernatant and fluorescence was 

only visible in the pellet containing the peptide-Alexa dye conjugates, confirming the 

efficiency of the thermal precipitation.  

The use of histidine driven self assembly of peptides onto the QDs allowed 

control over peptide to QD ratio, FRET efficiency and enabled quantitative detection of 

protease activity. It is interesting to note that although the substrate sequence was 

―sandwiched‖ between the QD and ELP in the conjugate structure, it was still accessible 

the enzyme. There are a number of potential applications for this sensor design including 

high throughput screening of protease inhibitors. It may be further increased by using a 

‗multiplexed‘ format for detecting multiple proteases (Clapp et al., 2005). It is reasonable 

to assume that this assay format may also be applied for monitoring the phophorylation/ 

dephosphorylation of protein kinases/ phosphatases (Rodems et al., 2002). Further, 

introducing QD-based FRET sensors into live cells should allow for real –time monitoring of in-

vivo enzymatic activity.   
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Scheme 2.1: Schematic representation of the self assembled QD-peptide nanoprobes 

harboring engineered protein modules H-MMP-7-ET or H- NS2B/NS3-ET. H- MMP-7-

ET contains hexahistidine, MMP-7 cleavage sequence, cysteine residue (C in bold red) 

for dye incorporation and ELP for thermal purification. In H- NS2B/NS3-ET only the 

cleavage sequence is changed to WNV-Pr cleavage sequence NS2B/NS3, keeping the 

other modules same. Dye labelled modular peptides containing appropriate cleavage 

sequences are self-assembled onto the QDs. In this design, the QD photoluminescence 

(PL) is quenched by the fluorescent dye due to fluorescence resonance energy transfer 

(FRET). Presence of active proteases disrupts FRET resulting in an increased QD PL thus 

enabling a simple activity assay.  
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Figure 2.1: (A) SDS-PAGE analysis of H-NS2B/NS3-ET. Lane 1: protein size marker, Lane 

2: purified protein module. (B) Conjugation of H-NS2B/NS3-ET with Alexa 568 maleimide, 

observed under UV lamp. (C) SDS-PAGE analysis of H-MMP-7-ET. Lane 1: protein size 

marker, Lane 2: purified protein module. (D) Conjugation of H-MMP-7-ET with Alexa 568 

maleimide, observed under UV lamp. 
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Figure 2.2: FRET efficiency of QD-peptide nanoprobes. (A) Emission spectra of QD-

MMP-7-Alexa assembly at the various QD: Alexa ratios. Excitation is 435 nm. (B) FRET 

efficiency of the different QD:MMP-7-Alexa ratio conjugates (C) Emission spectra of QD-

NS2B/NS3-Alexa assembly at the various QD: Alexa ratios. (D) FRET efficiency of the different 

QD:NS2B/NS3-Alexa ratio conjugates 
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Figure 2.3: Time dependent measurements of the changes in Fa/Fd ratio of QD-MMP-7-

Alexa based probes in the presence and absence of 10 µg/ml of MMP-7.  The error bars 

indicate the standard deviation from three independent experiments. 
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Figure 2.4: MMP-7 proteolytic assay. MMP-7 proteolytic activity was determined by 

assaying a constant amount of QD-MMP-7-Alexa substrate at an increasing concentration 

of MMP-7.  MMP-7 concentration dependence of Fa/Fd plotted 2 hr following the 

addition of MMP-7 to solutions of QD-MMP-7-Alexa probes. The error bars indicate the 

standard deviation from three independent experiments. 
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Figure 2.5: MMP-7 inhibition assay. Result of assaying 10 µg/ml of MMP-7 in the 

presence of an increasing concentration of MMP-7 inhibitor.  The error bars indicate the 

standard deviation from three independent experiments. 
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Figure 2.6: Time dependent measurements of the changes in Fa/Fd ratio of QD-

NS2B/NS3-Alexa based probes in the presence and absence of 100 nM of WNV-Pr 

(NS3).  The error bars indicate the standard deviation from three independent 

experiments. 
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Figure 2.7: WNV-Pr (NS3) proteolytic assay. NS3 proteolytic activity was determined 

by assaying a constant amount of QD-NS2B/NS3-Alexa substrate at an increasing 

concentration of NS3.  NS3 concentration dependence of Fa/Fd plotted 2 hr following the 

addition of MMP-7 to solutions of QD-MMP-7-Alexa probes. The error bars indicate the 

standard deviation from three independent experiments. 
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Figure 2.8: NS3 inhibition assay. Result of assaying 100 nM of NS3 in the presence of 

an increasing concentration of NS3 inhibitor- undeca-D-Arg-NH2.  The error bars 

represent standard deviations from the mean from triplicate measurements. 
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                                               Chapter 3 

Development of a QD-based FRET bioassay for performing 

rapid and sensitive screening of HIV-1 protease inhibitors 

using a genetically programmable protein module 
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Abstract 

Human immunodeficiency virus type 1 protease (HIV-1 PR) is the major target 

for anti-HIV agents due to its essential role in viral replication. However, one of the 

emerging problems with antiviral therapy is the emergence of drug resistant variants. 

Thus, new generation of inhibitors are urgently needed. Here, we demonstrate the 

development of a Quantum dot (QD) based FRET (fluorescence resonance energy 

transfer) assay system to detect HIV-1 PR activity in living cells and screen its inhibitors. 

A genetically programmable protein module was designed to rapidly express, purify and 

introduce the HIV-1 PR substrate inside living cells. The engineered protein module is 

designed with: 1) a QD binding moiety containing poly-histidine, 2) a cysteine site for 

fluorescent dye incorporation based on cysteine-thiol interaction, 3) HIV-1 PR cleavage 

site (MA/CA), 4) an Elastin Like Protein (ELP) domain for thermal purification and 5) a 

flanking TAT peptide sequence for cell penetration. In this design, the QD fluorescence 

(FL) is quenched by the fluorescent dye due to FRET. Cleavage of the MA/CA sequence 

by HIV-1 PR resulted in separation of the FRET pair with subsequent increase in QD FL, 

whereas potent protease inhibitors prevented FRET disruption and a reduced QD FL was 

detected. This assay provides a sensitive and quantitative measure of HIV-1 PR activity 

and is used to screen HIV-1 PR inhibitors. Thus, by using the genetically programmable 

protein module a convenient, cost effective and highly efficient system can be developed 

for high throughput screening of viral protease inhibitors. 
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Introduction 

 Proteases are proteolytic enzymes that catalyze the cleavage of peptide 

bonds. They play important roles in many essential cellular processes such as blood 

coagulation, fibrinolysis, cancer development, neurodegenerative disorders, and 

apoptosis (Neurath et al., 1999; Vihinen et al., 2005; Blum et al., 2005). In addition, 

proteases are used by many infectious microorganisms such as bacteria, viruses, and 

parasites as the key virulence factors for infection. Due to the essential role of Human 

Immunodeficiency virus type-1 protease (HIV-1 PR) in conformational rearrangement of 

the immature virions and production of infectious virus particles, it has become an ideal 

target for the development of antiviral agents to treat AIDS. Potent HIV-1 protease 

inhibitors, such as Indinavir, Nelfinavir, Ritonavir, and Saquinavir are widely used in 

antiretroviral treatment (Patick et al., 1998). Despite the initial antiretroviral activity, the 

benefit of protease inhibitors is of limited duration due to the constant emergence of 

drug-resistant viral strains. The emergence of drug-resistant HIV-1 strains thus motivates 

the continuous development of new anti-HIV-1 PR compounds (Berkhout B., 1999 and 

Vickrey et al., 2003).  In this context, the availability of a sensitive and convenient assay 

system to detect protease activity is of great importance. 

One of the most promising methods for probing protease activity is based on the 

principle of fluorescence resonance energy transfer (FRET), where a protease-specific 

sequence is used to link two fluorophores (Zhang et al., 2004). Cleavage of the linker 

peptide separates the donor and the acceptor, resulting in an increase in the donor 

emission and a reduction in the acceptor emission. Efforts to adapt this FRET-based 
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method for probing in vivo protease activity have been made by using genetically 

engineered fluorescence protein (CFP-YFP) pairs as the FRET donors and acceptors 

(Zhang, 2004; Heim and Tsien, 1996). In vivo protease activity can be easily visualized 

by detecting the changes in CFP/YFP signal using common imaging modalities.  

However, the use of stable, genetically engineered cell lines expressing the 

protease FRET substrates is a tedious task, more so, in the context of rapidly mutating 

HIV-1 strains. One feasible alternative is to develop a simple platform to introduce 

FRET-probes inside living cells in a benign and robust manner with minimal cytotoxic 

effects. Quantum-dot-based FRET probes are particularly attractive for this purpose 

because of their high quantum yield, narrow photoemission spectra, and high resistance 

to photobleaching. Recently, FRET-based protease assays have been successfully 

demonstrated using QDs as the energy donor and fluorescent dye as the acceptor 

(Medintz et al., 2006). Cleavage of the protease site results in an increase in QD/dye 

emission ratio and quantitative data, including enzyme kinetic parameters can be 

obtained. However, the use of synthetic peptides as the FRET substrates is expensive and 

these probes lack cell permeability for monitoring protease activity in vivo. Ideally, a 

method that provides easy production, purification and conjugation of the peptide 

substrate to acceptor dyes and QDs is necessary to provide a low-cost and tunable 

approach for probing protease activity inside living cells. 

In this paper, we present a genetically programmable module that is easily 

adaptable for in vivo monitoring of protease activity and the simultaneous screening of a 
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wide range of protease inhibitors. The protein module (Scheme 3.1) is composed of 1) a 

N-terminus histidine tag (His) for QD conjugation via strong metal-affinity coordination 

with Zn
2+

 on the core-shell, 2) a protease cleavage site, 3) a unique cysteine residue for 

fluorescent dye incorporation, 4) an elastin-like peptide (ELP) domain, and 5) a flanking 

TAT peptide sequence for cell penetration (Gupta 2005; Lewin 2000). Presence of the 

ELP domain enables simple purification of the protein module and the conjugated FRET 

probe by thermally triggered precipitation (Urry 1997). This modular design is intended 

to obviate the need for major redesign when targeting a new protease. Peptide specificity 

can be varied by altering only the recognition sequence without significantly modifying 

other modules in the overall sequence. Using the HIV-1PR cleavage sequence MA/CA, 

we demonstrate the new QD based FRET assay system for in-vivo detection of HIV-1Pr 

activity as well as quantitative assessment of different HIV-1PR inhibitors.   
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Materials and Methods 

Design of constructs 

To construct an expression vector for His6-MA/CA-Cys-ELP105K-TAT (H-MA/CA- 

ET), plasmid p08-ELP105K-EC20 described by Lao et al (Lao 2007) was digested with 

SmaI and HindIII and a DNA fragment encoding TAT peptide (amino acid sequence: 

GGTKTGRRRQRRKKRGY) was inserted between the same restriction sites. The 

resulting plasmid p08-ELP105K-TAT was cut with BamHI and NdeI and 1.7 kb fragment 

was ligated to plasmid pET14 (Novagen, Madison, WI) treated with same enzymes to 

generate pET-ELP105K-TAT. An artificial gene carrying hexa-histidines and the 

MA/CA peptide with cysteine was prepared by heating and annealing two 

oligonucleotides, CATGGGC CAT CAC CAT CAC CAT CAC TCC CAG GTC AGC 

CAA AAT TAC CCT ATA GTG CAG AAC CTG CAG TTC TGC CA and TATG GCA 

GAA CTG CAG GTT CTG CAC TAT AGG GTA ATT TTG GCT GAC CTG GGA 

GTG ATG GTG ATG GTG ATG GC C and ligated to the 6.3kb fragment obtained from 

pET-ELP105K-TAT by digesting with NcoI and NdeI to create pET-H-MA/CA-ET. 

 

Expression and purification of peptides 

For protein expression, E.coli BL-21(DE3) (Novagen, Madison, WI) transformed with 

plasmid pET-H-MA/CA-ET and was grown in terrific broth media containing 100 μg/ml 

ampicillin at 37
o
C until optical density (O.D.) at 600 nm reached 0.5. The flasks were 

then transferred to 30
o
C for protein expression. When the O.D. at 600nm reached 5, cells 

were harvested by centrifugation, resuspended in 50mM Tris/HCl (pH 8.0) with 0.1M 
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NaCl and 1 mg/ml of lysozyme, and lysed by sonication. Cell debris was removed by 

centrifugation at 16,000 g for 30 min.  Proteins were purified by repeated temperature 

transition cycle as described previously (Kim et al., 2005). Briefly, for each cycle, NaCl 

was added to the sample at a final concentration of 2M and the sample was heated to 

37
o
C and centrifuged at 16,000 g at 30

o
C for 15 min. The pellet containing the proteins 

were resuspended in ice-cold 50mM Tris/HCl (pH 8.0) with 0.1M NaCl and centrifuged 

at 16,000 g at 4
o
C for 15 min to remove undissolved proteins.  This temperature 

transition cycle was repeated once more, and the pellet containing H-MA/CA-ET was 

finally resuspended in ice cold 50mM Tris/HCl (pH 8.0) with 0.1M NaCl. The purity of 

the protein was determined by SDS-PAGE electrophoresis.  

 

Conjugation of peptides with fluorescent dye 

The labeling of the proteins with thiol reactive dye was performed by modifying the 

procedure of Massodi et al. (Massodi 2005). Purified proteins were resuspended in 

50mM potassium phosphate buffer (pH 7) at a final concentration of 40 uM. Tris-(2-

carboxyethyl) phosphine (TCEP) and Alexa 568 maleimide (Invitrogen, Carlsbad, CA) 

(thiol reactive dye) were added to a 10-fold and 2-fold molar excess, respectively. The 

mixture was incubated with end-over-end rotation for 2 hr at room temperature in the 

dark.  The reaction was stopped and the unreacted dyes were removed by two or three 

thermal precipitation cycles as described in the protein purification procedure. The degree 

of labeling of the protein was calculated using the following formula:  
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Where Ax is the absorbance value of the dye at the absorption maximum wavelength and 

Ɛ is the molar extinction coefficient of the dye. 

 

Assembly and characterization of QD-protein-dye conjugates 

The conjugation of QDs to fluorophore-labeled protein module to complete the FRET 

pair was adapted from Clapp et al., 2006. To start with, the TOPO-capped CdSe/ZnS 

QDs with 545 nm of emission maximum (Evident Tech. Inc) were made water-soluble 

QDs, by doing a cap exchange with dihydrolipoic acid (DHLA) according to the protocol 

by Clapp et al., 2006.  300 nM of DHLA-capped QDs were added to Alexa568-labeled 

proteins, resuspended in 10mM HEPES buffer (pH 8.2) at 1:10 ratio of QDs to protein 

module. The samples were mixed thoroughly and incubated at room temperature for 

overnight. After conjugation, the FRET efficiency was measured using a fluorometer by 

exciting at 430 nm and the spectrum was recorded from 475 nm to 650 nm.  

In-vitro protease assay 

  For the in-vitro assay, HIV-1 PR was diluted in 200 mM sodium acetate pH 5.5, 10 % 

glycerol, 5 % ethylene glycol and 1mM DTT  at a concentration of 500 nM.  Protease 

assay was initiated by addition of 45 µL protease solution to micowells containing QD-

MA/CA-ALEXA 568 probes. The 96- well plate was incubated at 37°C for 2-3 hrs with a 

tight seal to prevent water evaporation. Following a protease reaction, fluorescence 
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intensity in each well was measured using a microplate reader (Synergy
TM

 4, BIOTEK® 

Instruments, Inc., Winooski, VT).   

 

Cell culture  

HeLa cells obtained from American Type Culture Collection were grown in 400 mL of 

1× autoclavable minimum essential medium (AMEM; Irvine Scientific) containing 1% of 

7.5% NaHCO3, 2% of 1 M Hepes, 1% of nonessential amino acids (NEAA; HyClone, 

Thermo Scientific), 100 µg/mL of penicillin and 100 U/mL of streptomycin (HyClone, 

Thermo Scientific), 1% of 200 mM L-glutamine in 0.85% NaCl (HyClone, Thermo 

Scientific), and 10% of FBS (Sigma–Aldrich) at 37°C in a 5% CO2 atmosphere.  

 

Intracellular delivery of probes, Transfection and Titration of HIV-1 PR inhibitors 

HeLa cells were seeded into 96 well clear bottom black wall side plates (Nunc Scientific) 

at 37°C in 5% CO2 in air and cultured to >90% confluence. After removing the 

incubation medium, the cell monolayer was washed twice with 1× PBS. Cells were then 

incubated at 37°C in the dark with 1× Leibovitz L-15 medium (Invitrogen) containing 

QD- MA/CA- Alexa 568 at QD concentrations of 150 nM. 2 hrs after incubation with the 

probes, the cells were washed with PBS and observed under Zeiss Axiovert 40 CFL 

inverted fluorescence microscope. To introduce the HIV-1 PR, HeLa cells containing the 

probes were transfected using Lipofectamine
TM 

2000 transfection reagent (Invitrogen) 

with the plasmid pNL4-3.HSA.R
-
E

-
 (Connor et al., 1995; He et al., 1995) expressing the 

entire HIV-1 genome.  After 6 h, the medium was changed to the normal growth medium 
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and cells were propagated for another 18 hrs and were then observed under fluorescent 

microscope. In order to test the activity of the HIV-1 PR inhibitors, after removal of the 

transfection reagent, the cells were incubated with the growth medium containing the 

different therapeutically used HIV-1 PR inhibitors including Ritonavir, Saquinavir, 

Nelfinavir, Atazanavir sulfate (AZT) and Amprenavir (NIH) at a concentration of 0.01-

10 µM. 

 

Fluorescence Microscopy and image processing 

Cell imaging was performed on a Zeiss Axiovert 40 CFL inverted microscope equipped 

with a 12-V, 35-W halogen lamp (for the phase-contrast images) and an HBO 50 W/AC 

mercury lamp (for the fluorescence images). The objectives used were a 5×/0.12 A-Plan, 

a 10×/0.25 A-Plan, a 20×/0.50 EC Plan-NEOFLUAR, and a 40×/0.50 LD A-Plan (Zeiss). 

Fluorescent probes were detected by using two different filter sets; QD filter consisting of 

a D436-nm exciter, a D535/50-nm emitter, and a 475 nm-dichroic long pass beam splitter 

(Chroma Technology) and FRET filter consisting of a D436-nm exciter, a D610/50-nm 

emitter, and a 475 nm-dichroic long pass beam splitter. Images were acquired by using a 

ProgRes MFscan Monochrome CCD camera (Jenoptik). Both phase-contrast and 

fluorescence images were analyzed by using Image-Pro PLUS analysis software (Media 

Cybernetics). All settings for image processing were kept constant, and the exposure time 

for image capture was adjusted, if necessary, to maintain output levels similar to those 

observed under the fluorescence microscope.  The intracellular distribution of the QD- 

based probes were analyzed by merging the bright field images with the fluorescence 
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images. Composite merged images were produced by superimposing the fluorescence 

images from the QD filter and from the FRET filter. 

 

Quantification of Fluorescent Signals 

The QD fluorescence intensity and Alexa fluorescence intensity for each well was 

quantified by randomly choosing four to five fields within each well of untreated or 

treated samples using Image-Pro PLUS analysis software.  
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Results 

Protein module design and protein synthesis 

To design a protein module for the HIV-1 PR, the matrix/capsid protein (MA/CA) 

junction in the HIV-1 gag protein was chosen as the target cleavage site. The MA/CA 

cleavage sequence SQVSQNYPIVQNLQF was inserted between the hexa-histidine tag 

and the unique cysteine residue as depicted in Scheme 3.1 to generate the protein module 

H-MA-ET. The protein module was easily produced in E. coli BL21-Gold (DE3) cells at 

a yield of ~500 mg/L. In addition, the multifunctional modular protein provided rapid 

purification of the protein module by taking advantage of the temperature-responsive 

nature of ELP. The protein module was easily purified using two cycles of reversible 

phase transition and the purity was confirmed by SDS-PAGE indicating the expected 

molecular weight of 48 kDa (Figure 3.1 A).  

 

Assembly and characterization of the QD-peptide-dye conjugates 

The peptides were labeled with a thiol-reactive fluorescent dye - Alexa 568 

maleimide through the formation of a thioether bond with a unique cysteine residue after 

the MA/CA cleavage sequence.  This particular dye was chosen based on the overlapping 

optical spectra between the DHLA-capped CdSe/ZnS QD (QD 540) and Alexa-568 

(Supplemental information). Successful conjugation of the dye was evaluated using SDS-

PAGE (Figure 3.1 B) and a strong fluorescent band corresponding to the size of the 

protein module was detected under UV light. The fluorescently labeled modules were 

then assembled on the DHLA capped QD 545 through the metal affinity between the His 
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tag and the ZnS shell of the QD. Figure 3.2 A shows the spectra for QD 545 self-

assembled with different amount of H-MA-ET-Alexa 568. As expected, binding of QDs 

to protein-Alexa conjugates resulted in a sharp decline in the QD emission and a 

corresponding increase in the Alexa 568 intensity. As shown in Figure 3.2 B, the FRET 

ratio expressed as the Alexa (568 nm)/QD (540 nm) emission intensity when excited at 

430nm increased from 4 to 20 as the number of H-MA-ET-Alexa dye conjugates 

assembled onto the QD increased from 5 to 30. This result confirms the correct assembly 

of H-MA-ET-Alexa conjugates onto QDs based on the His6 interaction, resulting in the 

efficient quenching of the QD via donor-quencher FRET. A conjugation ratio of 10 was 

chosen for subsequent studies since it offers a good FRET ratio and cleavage of even a 

small number of target sequences would result in a large, detectable change in the FRET 

ratio.  

 

In vitro sensing of HIV-1 protease activity using the QD-H-MA-ET-Alexa probes 

 To test the sensitivity, the QD-H-MA-ET-Alexa probes were first used to detect 

HIV-1 PR activity in vitro. The probes were incubated with a HIV-1 PR conc. of 500 nM 

and the changes in the FRET ratio were recorded from 0 to 3.5 h. Figure 3.3 shows the 

time-dependent measurements of the FRET ratio. As early as 15 min of incubation, a 

significant decrease in the FRET ratio was observed which continued to decrease to 5.5 

after 3.5 h. This notable increase in the FRET ratio is entirely due to the HIV-1 PR 

mediated cleavage of the QD-H-MA-ET-Alexa probes as a similar control experiment 

without the addition of HIV-1 PR showed only a modest decrease in FRET over the same 
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duration. Addition of other proteases such as the West Nile Virus protease also resulted 

in similar changes as the control, indicating that the highly specific nature of the newly 

developed QD-H-MA-ET-Alexa probes toward HIV-1 PR. 

 

 

Intracellular delivery of QD-MA/CA-alexa probes 

To investigate whether presence of the TAT peptide sequence could allow the 

non-invasive intracellular delivery of the QD-H-MA-ET-Alexa probes, a monolayer of 

HeLa cells was incubated with the probes for 2 h and washed to remove any unbound 

materials.  Cells were imaged by a fluorescent microscope using a 436/535 filter set for 

the QD (green) and a 436/610 set for Alexa (red), and the representative merged 

fluorescent image (left) and merged fluorescent composite image (right) are shown in 

Figure 3.4. The composite image clearly showed the localization of the probes inside the 

HeLa cells (as represented by the red spots) with virtually no fluorescence detected in the 

surrounding medium, indicating the successful translocation of the probes by TAT 

peptide mediated delivery. In contrast, incubation of QDs alone resulted in no substantial 

uptake within the same duration (data not shown). Consistent with the in vitro fluorescent 

measurements, the fluorescent signal from Alexa was much higher than the QD signal in 

nearly 90% of cells containing the probes (red spots), indicating that FRET was preserved 

even after intracellular delivery. A few green fluorescent spots were detected, probably 

due to incomplete conjugation. The intracellular fluorescent intensity was constant for up 

to 48 h, confirming that the probes were retained inside the cells after delivery and were 

resistant to intracellular degradation.  
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Detecting HIV-1Pr activity in HeLa cells 

To detect HIV-1 PR activity in vivo, the plasmid pNL4-3.HSA.R
-
E

-
, which is 

based on the HIV-1 proviral clone pNL4.3, was used to transfect HeLa cells. This 

plasmid is capable of producing non-infectious HIV viruses that can undergo a single 

round of replication in transfected cells due to frameshift mutations in the envelope gene 

and in the vpr region of the genome.  

To demonstrate the ability of the QD-H-MA-ET-Alexa probes to monitor HIV-PR 

activity in individual cells, probes were first delivered into the HeLa cells as described 

above before an increasing concentration of the proviral plasmid was used for 

transfection. As shown in Figure 3.5 A, a significantly higher number of green cells (a 

reflection of the increase in the QD intensity and a corresponding decrease in the Alexa 

568 intensity) were observed for transfected cells, while the fluorescent signals were 

unchanged for control cells without transfection.  Moreover, the number of cells showing 

the increase in QD signal was in agreement with the concentration of the plasmid used in 

transfection, again confirming that the increase in QD signal was due to cleavage of the 

target sequence by the intracellular HIV-1 protease. The proteolytic activity of HIV-1 PR 

was clearly demonstrated by quantifying the QD and Alexa signals using the Image-Pro 

PLUS software.  The total QD fluorescence (Fd) intensity and Alexa fluorescence (Fa) 

intensity within each well of control (untransfected), transfected and with the different 

dosages of plasmid was quantified using Image-Pro PLUS analysis software. The Fa/Fd 

for each set of images were then normalized to (Fa/Fd)0 , which is the value of Fa/Fd in 
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the control cells. As shown in Figure 3.5 B, when the Fa/Fd ratio was plotted, in the 

untransfected cells the ratio was 1 due to the energy transfer from QD to Alexa 568 dye.  

In comparison, the Fa/Fd ratio gradually decreased from 1 to 0.34 when the plasmid dose 

was increased from 0.1 to 0.8 g.  Thus, the QD-based FRET assay system provides a 

simple, rapid and convenient way of detecting specific protease activity in vivo.  

 

 

Titration of HIV-1Pr inhibitors using the QD-protein-Alexa assay system  

To evaluate usage of the FRET module for screening of HIV-1 Pr inhibitors in a 

cell based platform, similar in vivo assays were repeated in the presence of several known 

HIV-1 Pr inhibitors (10 nM-10 M) such as Saquinavir, Nelfinavir, Atazanavir sulfate 

(AZT), Amprenavir and Ritonavir.  As shown in Figure 3.6 A, Saquinavir induced a 

dose-dependent decrease in the number of cells showing an increase in the QD signal. At 

the highest inhibitor dosage of 10 M, which has been shown to completely inhibit HIV-

1 Pr activity, the resulting merged image was virtually the same to that obtained with 

untransfected cells. It is clear that proteolysis was inhibited by Saquinavir and the 

disruption in FRET was ascribable to the intracllular HIV-1 protease activity. The 

inhibition effect of Saquinavir can be much more clearly demonstrated by quantifying the 

QD and Alexa signals using the Image-Pro PLUS software.  The total QD fluorescence 

(Fd) intensity and Alexa fluorescence (Fa) intensity within each well of control 

(untransfected), transfected and with the different dosages of Saquinavir was quantified 

using Image-Pro PLUS analysis software. The Fa/Fd for each set of images were then 

normalized to (Fa/Fd)0 , which is the value of Fa/Fd in the control cells. As shown in 
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Figure 3.6 B, when the Fa/Fd ratio was plotted, in the untransfected cells the ratio was 1 

due to the energy transfer from QD to Alexa 568 dye.  A similar Fa/Fd ratio was detected 

for cells treated with 10 M Saquinavir. In comparison, the Fa/Fd ratio gradually 

decreased from 1 to 0.65 when the Saquinavir dose was reduced from 10 to 0 M.  Taken 

together these results clearly indicate that the newly reported in vivo FRET screening 

assay based on the protein module can detect a large dynamic range of inhibition and 

offer excellent sensitivity. Similar inhibitory effects were found with other inhibitors 

(Figures 3.7- 3.10 A and B). In case of Nelfinavir and AZT, the highest dosage used was 

1µM, as it became toxic beyond that dosage. 

The Fa/Fd ratio of each inhibitor was used to calculate the percent inhibition by using the 

equation: (Inhibitor treated- Untreated)/ (Untransfected- Untreated)*100. As shown in 

Figure 3.11, the dose response curve of the different inhibitors had a similar trend and the 

IC-50 of each inhibitor was determined. Except for Saquinavir, the IC-50 of the different 

inhibitors was 10 nM. More interestingly, the QD based assay was able to detect the 

differences in the inhibition efficiencies at the lower dosages of the inhibitors (Figure 

3.12) and thus can be used to screen novel inhibitors of different efficiency. Thus, we can 

conclude that our QD based probes can be used for rapid and sensitive screening of new 

HIV-1 protease inhibitors. 
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Discussion 

 A QD based FRET assay system for screening HIV-1 PR inhibitors in a cell based 

platform was established in this study. The cornerstone of this method was the use of a 

genetically programmable protein module harboring different functional domains for 

rapid expression, purification, conjugation and delivery of the protein containing the 

protease cleavage sequence into the mammalian cells. In this assay system protease 

cleavage sequence was used as the linker between QD545 and Alexa 568 maleimide to 

enable the energy transfer (FRET) from QD to the dye. The use of QDs is particularly 

useful in vivo studies as it is resistant to photodegradation and thus can be used to take 

microscopic images with prolonged exposure times. Moreover, the QDs provide a 

platform for assembling several peptide molecules and thus enable a sensitive detection 

of protease activity in-vivo, as cleavage of a small number of peptides causes a large 

detectable change in FRET efficiency. Moreover, the ratiometric changes of the two 

fluorophores provide a more reliable signal. Our FRET based assay provides specificity, 

as the disruption in FRET signals occur only in presence of the specific active protease in 

the cells while in the absence of the protease FRET is being maintained in the cells. Thus, 

quantification of the changes in FRET signal can be directly correlated to the amount of 

protease present in the cells.  

The QD based FRET assay system offers several distinct advantages over the 

broad array of existing screening assays for HIV-1 protease activity. Most commonly, 

assays to detect HIV-1 PR activity and its inhibitor screening are done in an in-vitro 
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setting which is not suitable to monitor the cytotoxicity or transport efficiency of the 

inhibitors. Furthermore, the activity of the protease is tested under non-physiologic 

conditions that may modify the catalytic properties of the enzyme. Most in-vivo assays 

are based on the introduction of the protease cleavage sites into selectable markers such 

as β-galactosidase (Baum et al., 1990), tetracycline resistance protein (Block, T. M., and 

R. H. Grafstrom 1990), thymidylate synthase (Kupiec et al., 1996), galactokinase 

(Stebbins et al., 1996) transcription factors of Saccharomyces cerevisiae (Murray et al., 

1993), the cI repressor of bacteriophage λ (Sices, H. J., and T. M. Kristie, 1998) and are 

conducted mainly in yeast or bacterial cells and thus do not provide the appropriate 

environment for screening HIV-1 PR inhibitors. While several mammalian cell based 

assays to detect HIV-1 PR activity have the limitation of not being suitable for a high 

throughput screening set up. In this context, our assay system is suitable for both 

monitoring the protease activity and its inhibitor in an appropriate cellular environment as 

well as is suitable for a high throughput screening format.  

The most important aspect of our work relates to the analysis of drug resistant 

HIV-1 protease variants and identification of novel inhibitors. Treatment with protease 

inhibitor results in accumulation of multiple mutations not only in the active site of the 

protease but also in regions located distant from the active sites. Phenotypic assays are 

currently the only way to directly determine resistance and give a therapeutic adjustment, 

since they measure susceptibility of the actual viral strains to antiretrovirals (Nijhuis et 

al., 1997). In this situation of rapidly mutating HIV-1 strains, a simple addition of a 

membrane-diffusible and non-toxic substrate to the cells is highly useful as compared to 
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generation of stable cell lines harboring the cleavage sequences. Specifically without a 

major redesign, by making use of the genetically engineered protein module the cleavage 

sequences can be easily changed to the mutated sequences as found in the drug resistant 

variants and can be used to detect the cleavage efficiency of the protease. Moreover, with 

the use of the plasmid expressing the HIV-1 protease, it can be easily envisioned to do 

the mutagenesis of the wild type protease to mimic the drug resistant strains and then 

several permutation and combination of substrate and protease can be carried out for 

screening novel inhibitors. Thus, the QD-based FRET assay system represents a step 

toward the development of a rapid, convenient and sensitive system for analysis of viral 

resistance in AIDS patients. We therefore anticipate that the QD-based FRET assay 

system could become a major tool in the identification of candidate HIV-1 PR inhibitors. 

It seems reasonable to assume that the strategy of putting a protease cleavage sequence 

between a QD and Alexa dye could be applied to other viral proteases as the protease 

cleavage sequence can be easily changed according to the specific target protease under 

study.  Thus, the QD based FRET assay system can be easily adapted to screen inhibitors 

for other viral proteases. Further, this new approach can be extended to screen inhibitors 

for proteases which get overexpressed in certain disease conditions like cancers and 

require monitoring the inhibitory effects of drugs in human cells.  
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Scheme 3.1: Schematic representation of the self assembled QD-peptide nanoprobe 

harboring engineered protein module H- MA/CA-ET. H- MA/CA-ET contains 

hexahistidine, HIV-1 PR cleavage sequence (MA/CA), cysteine residue for dye 

incorporation, ELP for thermal purification and cell penetrating TAT peptide. Dye 

labelled modular peptides containing appropriate cleavage sequences are self-assembled 

onto the QDs. In this design, the QD photoluminescence (PL) is quenched by the 

fluorescent dye due to fluorescence resonance energy transfer (FRET). Presence of active 

proteases disrupts FRET resulting in an increased QD PL thus enabling a simple activity 

assay.  
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Figure 3.1: (A) SDS-PAGE analysis of purified protein module. Lane 1: protein size 

marker, Lane 2: cell lysate, Lane 3: purified protein module. (B) Conjugation of protein 

module with Alexa 568 maleimide. Lane 1: Protein module conjugated with Alexa Lane 

2: Protein module conjugated with Alexa visualized under UV-lamp  
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Figure 3.2 A:  Fluorescence emission spectra of QD-MA/CA-Alexa assembly at the 

various QD: Alexa ratios. Excitation is 435 nm. (B). FRET efficiency of the different QD- 

MA/CA-Alexa ratio conjugates 
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Figure 3.3: Detection of HIV-1 PR activity by nanoprobe QD-MA/CA-Alexa. Time 

dependent measurements of the changes in Fa/Fd ratio of QD-MA/CA-Alexa based 

probes in the presence and absence of 500 nM of HIV-1 PR was plotted. The decrease in 

Fa/Fd ratio with time in the presence of HIV-1 PR indicates proteolytic cleavage of 

MA/CA by HIV-1 PR. The error bars indicate the standard deviation from 3 independent 

experiments. 
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Figure 3.4: Cellular uptake of QD-MA/CA-Alexa probes. Representative images of 

HeLa cells incubated for 2 hour with 150 nM of self assembled QD-MA/CA-Alexa 

probes. The cells were visualized with a fluorescence microscope at 435 ex/ 535 em for 

QD and 435 ex/ 610 em for FRET. The images obtained using QD filter and FRET filter 

sets were merged. The cells were also observed with DIC filter. The DIC images were 

merged with merged fluorescent image to obtain corresponding merged composite 

fluorescent images.  
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Figure 3.5 (A): Detection of HIV-1 PR activity in HeLa cells using QD based FRET 

assay system.  QD-MA/CA-Alexa probes were delivered in HeLa cells. HeLa cells 

containing the probes were transfected with increasing concentration of plasmid pNL4.3 

HSA R
-
E

- 
expressing the HIV-Provirus. 18 hours post-transfection cells were observed 

under fluorescence microscope at 435 ex/ 535 em for QD and 435 ex/ 610 em for FRET. 

The images obtained using QD filter and FRET filter sets were merged. Only merged 

representative fluorescent images are shown for control (untransfected) and each dosage 

of plasmid. The increased QD fluorescence in the transfected cells was attributed to 

proteolytic cleavage of the MA/CA peptides by HIV-1 PR, which resulted in marked 

reduction in FRET efficiency between QD and Alexa dye. The increase in number of 

cells showing increased QD fluorescence correlates well with the plasmid dosages. 
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Figure 3.5 (B): Quantitative Analysis of the images.  The total fluorescence intensity of 

images obtained using QD filter (Fd) and FRET filter (Fa) for control (untransfected), 

transfected and with the different dosages of plasmid were quantified using Image-Pro 

PLUS software. The Fa/Fd for each set of images were then normalized to (Fa/Fd)0 , 

which is the value of Fa/Fd in the control cells. Data are means ± standard deviation from 

three experiments.  
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Figure 3.6: (A) Monitoring the inhibition efficiency of HIV-1 protease inhibitor- 

Saquinavir using the QD-MA/CA-Alexa based assay system. QD-MA/CA-Alexa probes 

were delivered in HeLa cells. HeLa cells containing the probes were transfected with 

plasmid pNL4.3-HSA-R
-
E

- 
expressing the HIV-Provirus and were treated with increasing 

concentration (0.01-10 µM) of Saquinavir. 18 hours post-transfection cells were observed 

under fluorescence microscope at 435 ex/ 535 em for QD and 435 ex/ 610 em for FRET. 

The images obtained using QD filter and FRET filter sets were merged. Only merged 

representative fluorescent images are shown for each dosage of Saquinavir.  (B) 

Quantitative Analysis of the images.  The total fluorescence intensity of images obtained 

using QD filter (Fd) and FRET filter (Fa) for control (untransfected), transfected and with 

the different dosages of Saquinavir were quantified using Image-Pro PLUS software. The 

Fa/Fd for each set of images were then normalized to (Fa/Fd)0 , which is the value of 

Fa/Fd in the control cells. Data are means ± standard deviation from three experiments. 
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Figure 3.7: (A) Monitoring the inhibition efficiency of HIV-1 protease inhibitor- 

Nelfinavir using the QD-MA/CA-Alexa based assay system. QD-MA/CA-Alexa probes 

were delivered in HeLa cells. HeLa cells containing the probes were transfected with 

plasmid pNL4.3-HSA-R
-
E

- 
expressing the HIV-Provirus and were treated with increasing 

concentration (0.01-10 µM) of Nelfinavir. 18 hours post-transfection cells were observed 

under fluorescence microscope at 435 ex/ 535 em for QD and 435 ex/ 610 em for FRET. 

The images obtained using QD filter and FRET filter sets were merged. Only merged 

representative fluorescent images are shown for each dosage of Nelfinavir.  (B) 

Quantitative Analysis of the images. The total fluorescence intensity of images obtained 

using QD filter (Fd) and FRET filter (Fa) for control (untransfected), transfected and with 

the different dosages of Nelfinavir were quantified using Image-Pro PLUS software. The 

Fa/Fd for each set of images were then normalized to (Fa/Fd)0 , which is the value of 

Fa/Fd in the control cells. Data are means ± standard deviation from three experiments. 
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Figure 3.8: (A) Monitoring the inhibition efficiency of HIV-1 protease inhibitor- 

Atazanavir sulfate (AZT) using the QD-MA/CA-Alexa based assay system. QD-MA/CA-

Alexa probes were delivered in HeLa cells. HeLa cells containing the probes were 

transfected with plasmid pNL4.3-HSA-R
-
E

- 
expressing the HIV-Provirus and were 

treated with increasing concentration (0.01-10 µM) of AZT. 18 hours post-transfection 

cells were observed under fluorescence microscope at 435 ex/ 535 em for QD and 435 

ex/ 610 em for FRET. The images obtained using QD filter and FRET filter sets were 

merged. Only merged representative fluorescent images are shown for each dosage of 

AZT.  (B) Quantitative Analysis of the images. The total fluorescence intensity of images 

obtained using QD filter (Fd) and FRET filter (Fa) for control (untransfected), transfected 

and with the different dosages of AZT were quantified using Image-Pro PLUS software. 

The Fa/Fd for each set of images were then normalized to (Fa/Fd)0 , which is the value of 

Fa/Fd in the control cells. Data are means ± standard deviation from three experiments. 
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Figure 3.9: (A) Monitoring the inhibition efficiency of HIV-1 protease inhibitor- 

Amprenavir using the QD-MA/CA-Alexa based assay system. QD-MA/CA-Alexa probes 

were delivered in HeLa cells. HeLa cells containing the probes were transfected with 

plasmid pNL4.3-HSA-R
-
E

- 
expressing the HIV-Provirus and were treated with increasing 

concentration (0.01-10 µM) of Amprenavir. 18 hours post-transfection cells were 

observed under fluorescence microscope at 435 ex/ 535 em for QD and 435 ex/ 610 em 

for FRET. The images obtained using QD filter and FRET filter sets were merged. Only 

merged representative fluorescent images are shown for each dosage of Amprenavir.  (B) 

Quantitative Analysis of the images. The total fluorescence intensity of images obtained 

using QD filter (Fd) and FRET filter (Fa) for control (untransfected), transfected and with 

the different dosages of Amprenavir were quantified using Image-Pro PLUS software. 

The Fa/Fd for each set of images were then normalized to (Fa/Fd)0 , which is the value of 

Fa/Fd in the control cells. Data are means ± standard deviation from three experiments. 
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Figure 3.10: (A) Monitoring the inhibition efficiency of HIV-1 protease inhibitor- 

Ritonavir using the QD-MA/CA-Alexa based assay system. QD-MA/CA-Alexa probes 

were delivered in HeLa cells. HeLa cells containing the probes were transfected with 

plasmid pNL4.3-HSA-R
-
E

- 
expressing the HIV-Provirus and were treated with increasing 

concentration (0.01-10 µM) of Ritonavir. 18 hours post-transfection cells were observed 

under fluorescence microscope at 435 ex/ 535 em for QD and 435 ex/ 610 em for FRET. 

The images obtained using QD filter and FRET filter sets were merged. Only merged 

representative fluorescent images are shown for each dosage of Ritonavir. (B) 

Quantitative Analysis of the images. The total fluorescence intensity of images obtained 

using QD filter (Fd) and FRET filter (Fa) for control (untransfected), transfected and with 

the different dosages of Ritonavir were quantified using Image-Pro PLUS software. The 

Fa/Fd for each set of images were then normalized to (Fa/Fd)0 , which is the value of 

Fa/Fd in the control cells. Data are means ± standard deviation from three experiments. 
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Figure 3.11: Percent inhibition in HIV-1 protease activity with different HIV-1PR 

inhibitors based on the QD-MA/CA-Alexa assay system.  The Fa/Fd ratio of each sample 

was used to calculate the percent inhibition in protease activity by using the equation; 

(Inhibitor treated- Untreated)/ (Untransfected- Untreated)*100. Data are means ± 

standard deviations from three experiments. 
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Figure 3.12: Comparative analysis of inhibition efficiency of different HIV-1 protease 

inhibitors at a concentration of 10 nM.   Data are means ± standard deviations from three 

experiments. 
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Chapter 4 

Novel QD- based bioassay for HIV protease cleavage site 

specific inhibitor screening using a genetically programmable 

protein module 
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Abstract 

Human immunodeficiency virus type 1 protease (HIV-1 PR) plays a key role in 

viral maturation and production of infectious virus particles.  It recognizes and cleaves up 

to 12 different sites in the Gag and Gag-Pol precursor polypeptides, and is thus a major 

target for anti-HIV agents. However, current problem with antiviral therapy is the 

acquirement of amino acid substitutions at the different cleavage sites leading to 

emergence of drug resistant viruses. At present, there are no assays available to identify 

inhibitors that could block HIV-1 PR activity by selectively inhibiting cleavage at a 

particular site. Thus, we developed a simple and rapid assay system to screen inhibitors 

specific to cleavage sites. In order to do so, we have developed a genetically engineered 

protein module that is designed with:  1) a Quantum Dot (QD) binding moiety containing 

poly-histidine, 2) a cysteine site for fluorescent dye incorporation based on cysteine-thiol 

interaction, 3) HIV-1 PR cleavage site, 4) an ELP domain for thermal purification and 5) 

a flanking TAT peptide sequence for cell penetration. The modular nature of the protein 

module was exploited for designing two probes containing two different HIV-1 PR 

cleavage sites. In this design, the QD fluorescence (FL) is quenched by the fluorescent 

dye due to fluorescence resonance energy transfer (FRET). Cleavage of the sequences by 

HIV-1 PR resulted in separation of the FRET pair with subsequent increase in QD FL. 

However, presence of inhibitors specific to the cleavage sites prevented FRET disruption 

and a reduced QD FL was detected. Thus, the genetically programmable protein module 

enabled rapid and easy production of different QD-based FRET substrates, to be used for 

high throughput screening of inhibitors specific to the different cleavage sites. 
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Introduction 

In the human immunodeficiency virus type 1 (HIV-1) structural and enzymatic 

components are expressed as polyprotein precursors, i.e., Gag (p55
gag

) and Gag-Pol (p160 

gag-pol
) (Wills and craven, 1991), respectively, which assemble into immature virions on 

the cytoplasmic side of the cell membrane (Go¨ttlinger et al., 1989). The protease 

encoded by the virus (HIV-1 PR) is part of the p160 
gag-pol

 polyprotein precursor and 

plays an essential role in the retroviral life cycle for conformational rearrangement of the 

immature virion and production of infectious virus paticles (Lindsten et al., 2001). The 

HIV-1 PR belongs to the class of aspartyl PRs (Pearl et al., 1987). During the viral 

assembly process the HIV-1PR monomer dimerizes to form an active homodimer and 

catalyzes its own release (Debouck et al,. 1987). For the production of infectious virions, 

during and after virion budding from the cell membrane, the HIV-1 PR recognizes and 

cleaves up to 12 sites, each with a different amino acid sequence in the p55
gag

 and p160 

gag-pol
 polyprotein precursors (Pettit et al., 1993) leading to mature Gag (MA, CA and NC; 

for nomenclature see reference Leis et al., 1988) and Pol (PR, RT, IN, and RNaseH) 

proteins and condensation of the retroviral core (Kohl et al., 1988 and Peng et al., 1989). 

Due to the essential role of the HIV-1 PR, it has become an attractive target for 

development of antiviral agents to treat AIDS. Several potent HIV-1 PR inhibitors have 

been developed, which are currently in clinical use (Patick et al., 1998 and Deeks et al., 

1997). However, one of the emerging problems with antiviral therapy is the emergence of 

drug resistant variants. Protease inhibitor (PI) –resistant or cross resistant isolates (Bodel 

et al., 1998 and Condra et al., 1995) with impaired replication or Gag and Gag-Pol 
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processing ((Mammano et al., 1998 and Zennou et al., 1998) can partially compensate by 

acquiring amino acid substitutions at Gag cleavage sites in HIV culture (Carrillo et al., 

1998 and Doyon et al., 1996) and in vivo (Zhang et al., 1997). In fact, studies have shown 

that mutations in the HIV-1 PR and at Gag cleavage sites are specifically selected during 

PI therapy (Côté et al., 2001).  Furthermore, small molecule compounds have been 

identified recently that act on selective HIV-1 protease sites to delay maturation of the 

precursor Gag protein (Zhou et al., 2004). 3-O-{3‘,3‘-dimethylsuccinyl}-betulinic acid 

(DSB) has been shown to act late in the HIV-1 life cycle to specifically retard cleavage at 

the CA-p2 junction of Gag by the viral PR without affecting processing at other sites in 

the Gag (Zhou et al., 2004). Thus, it will be interesting to not only identify antiviral 

compounds that target PR itself, but to identify small molecules that could block PR 

cleavage by selectively inhibiting cleavage at a particular site.  

The majority of assays available today are based on trans- or autocatalytic 

cleavage of reporter proteins in bacteria, in yeasts, or in vitro (Baum et al., 1990; Deo et 

al., 2000; Murray et al., 1993 and Stebbins et al., 1996) or on the in vitro hydrolysis of 

synthetic peptides encompassing the scissile bonds in p55
Gag

 and p160
Gag-Pol 

(Billich et 

al., 1990; Matayoshi et al., 1990 and Stebbins et al., 1997). These systems are very 

sensitive; however, none of them allows probing all the native HIV-1 PR function sites under 

physiological conditions. To overcome the limitations of determining HIV-1 protease 

activity in-vitro and to facilitate the drug screening process (Hu et al., 2005), cell-based 

reporter systems have been developed. A green fluorescent protein (GFP)-PR chimera 

was developed that can be expressed in mammalian cells, causing minimal toxicity until 
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autocatalytic cleavage occurs (Lindsten et al., 2001 and Fuse et al., 2006). The reporter 

becomes toxic upon autocatalytic cleavage of the protease resulting in disappearance of 

fluorescence providing a simple means of quantifying protease activity. Despite their 

potential applications, there are inherent difficulties and inconsistency associated with 

transient transfections. Moreover, in the context of rapidly mutating HIV-1 strains, 

generating stable cell lines containing the different cleavage site is a time consuming and 

formidable task.  In this context, assay systems that can allow probing of all the native 

HIV-1 protease cleavage sites to screen for cleavage site specific inhibitors, under 

physiologic conditions in a high throughput setting is urgently needed. 

Thus, in this paper we demonstrate the development of  an assay system that can 

be used to probe all the different cleavage sites of HIV-1 PR and screen inhibitors 

specific to the cleavage sites in a high throughput way. The goal was achieved by 

generating a genetically programmable protein module containing the protease cleavage 

sites as a linker between a donor fluorophore [Quantum dot (QD)] and an acceptor 

fluorophore (Alexa 568 dye). In this design, the QD photoluminescence is quenched by 

the fluorescent dye due to fluorescence resonance energy transfer (FRET). However, in 

the presence of the protease, the cleavage sequence is cleaved resulting in separation of 

the FRET pair with subsequent increase in QD fluorescence. Thus, the activity of the 

protease can be detected by measuring the changes in the fluorescence of QD and Alexa 

dye.  Further, this assay system can be used to screen potent cleavage site specific 

inhibitors. Intracellular delivery of the substrates was facilitated by the use of a flanking 

TAT peptide (Gupta et al.,2005; Lewin et al., 2000) and the site-specific incorporation of 
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an acceptor dye was accomplished using a unique cysteine residue. Presence of an elastin 

domain at the C-terminus of the module enabled the simple purification of the FRET 

substrate by thermally triggered precipitation (Urry D.W., 1997). Using the two different 

cleavage sites MA/CA and p6/PR (Leis et al., 1988) of HIV-1 PR as a target, we 

demonstrate that the new QD FRET probes can be used for probing the different cleavage 

sites as well as quantitative assessment of site specific inhibitors.  
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Materials and Methods 

Design of constructs 

To construct an expression vector for His6-MA/CA-Cys-ELP105K-Tat (H-

MA/CA- ET), plasmid p08-ELP105K-EC20 described by Lao et al (Lao 2007) was 

digested with SmaI and HindIII and a DNA fragment encoding Tat peptide (amino acid 

sequence: GGTKTGRRRQRRKKRGY) was inserted between the same restriction sites. 

The resulting plasmid p08-ELP105K-Tat was cut with BamHI and NdeI and 1.7 kb 

fragment was ligated to plasmid pET14 (Novagen, Madison, WI) treated with same 

enzymes to generate pET-ELP105K-Tat. An artificial gene for hexa-histidines, MA/CA 

peptide with cysteine was prepared by heating and annealing two oligonucleotides, 

CATGGGCCATCACCATCACCATCACTCCCAGGTCAGCCAAAATTACCCTATA

GTGCAGAACCTGCAGTTCTGCCA and TATGGCAGAA 

CTGCAGGTTCTGCACTATAGGGTAATTTTGGCTGACCTGGGAGTGATGGTGAT

GGTGATGGCC and ligated to the 6.3kb fragment obtained from pET-ELP105K-Tat by 

digesting with NcoI and NdeI to create pET-H-MA/CA-ET.   The expression 

vector for His6-p6/PR-Cys-ELP105K-Tat (H- p6/PR-ET) was prepared the same way by 

using the oligonucleotides CATGGGCCATCATCATCATCATCATGGAACT 

GTATCCTTTAGCTTCCCTCAGATCACTCTTTGGCAGCGATGCCA and 

TATGGCATCGCTGCCAAAGAGTGATCTGAGGGAAGCTAAAGGATACAGTTCC

ATGATGATGATGATGATGGCC 
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Expression and purification of peptides 

For protein expression, E.coli BL-21 (DE3) (Novagen, Madison, WI) transformed 

with plasmid pET-H-MA/CA-ET or pET- p6/PR -ET was grown in terrific broth media 

containing 100 μg/ml ampicillin at 37
o
C until optical density (O.D.) at 600 nm reached 

0.5. The flasks were then transferred to 30
o
C for protein expression. When the O.D. at 

600 nm reached 5, cells were harvested by centrifugation, resuspended in 50mM 

Tris/HCl (pH 8.0) with 0.1M NaCl and 1 mg/ml of lysozyme, and lysed by sonication. 

Cell debris was removed by centrifugation at 16,000 g for 30 min.  Proteins were purified 

by repeated temperature transition cycle as described previously (Kim et al., 2005). 

Briefly, for each cycle, NaCl was added to the sample at a final concentration of 2M and 

the sample was heated to 37
o
C and centrifuged at 16,000 g at 30

o
C for 15 min. The pellet 

containing the proteins were resuspended in ice-cold 50mM Tris/HCl (pH 8.0) with 0.1M 

NaCl and centrifuged at 16,000 g at 4
o
C for 15 min to remove undissolved proteins.  This 

temperature transition cycle was repeated once more, and the pellet containing either H-

MA/CA-ET or H- p6/PR-ET was finally resuspended in ice cold 50mM Tris/HCl (pH 

8.0) with 0.1M NaCl. The purity of the protein was determined by SDS-PAGE 

electrophoresis.  

Conjugation of peptides with fluorescent dye 

The labeling of the proteins with thiol reactive dye was performed by modifying 

the procedure of Massodi et al. (Massodi 2005). Purified proteins were resuspended in 

50mM potassium phosphate buffer (pH 7) at a final concentration of 40 uM. Tris-(2-
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carboxyethyl) phosphine (TCEP) and Alexa 568 maleimide (Invitrogen, Carlsbad, CA), 

thiol reactive dye, were added to a 10-fold and 2-fold molar excess, respectively. The 

mixture was incubated with end-over-end rotation for 2hr at room temperature in the 

dark.  The reaction was stopped and the unreacted dyes were removed by two or three 

thermal precipitation cycles as described in the protein purification procedure. The degree 

of labeling of the protein was calculated using the following formula: 

 

 

Where Ax is the absorbance value of the dye at the absorption maximum wavelength and 

Ɛ is the molar extinction coefficient of the dye. 

Assembly and characterization of QD-protein-dye conjugates 

The conjugation of QDs to fluorophore-labeled protein module to complete the 

FRET pair was adapted from Clapp et al., 2006. To start with, the TOPO-capped 

CdSe/ZnS QDs with 545 nm of emission maximum (Evident Tech. Inc) were made 

water-soluble QDs, by doing a cap exchange with dihydrolipoic acid (DHLA) according 

to the protocol by Clapp et al., 2006.  300 nM of DHLA-capped QDs were added to 

Alexa568-labeled proteins, resuspended in 10mM HEPES buffer (pH 8.2) at 1:3 to 1:10 

ratio of QDs to protein module. The samples were mixed thoroughly and incubated at 

room temperature for overnight. After conjugation, the FRET efficiency was measured 
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using a fluorometer by exciting at 430 nm and the spectrum was recorded from 475 nm to 

650 nm.  

Cell culture  

HeLa cells obtained from American Type Culture Collection were grown in 400 

mL of 1× autoclavable minimum essential medium (AMEM; Irvine Scientific) containing 

1% of 7.5% NaHCO3, 2% of 1 M Hepes, 1% of nonessential amino acids (NEAA; 

HyClone, Thermo Scientific), 100 µg/mL of penicillin and 100 U/mL of streptomycin 

(HyClone, Thermo Scientific), 1% of 200 mM L-glutamine in 0.85% NaCl (HyClone, 

Thermo Scientific), and 10% of FBS (Sigma–Aldrich) at 37°C in a 5% CO2 atmosphere.  

Intracellular delivery of probes, Transfection and Titration of inhibitors 

HeLa cells were seeded into 96 well clear bottom black wall side plates (Nunc 

Scientific) at 37°C in 5% CO2 in air and cultured to >90% confluence. After removing 

the incubation medium, the cell monolayer was washed twice with 1× PBS. Cells were 

then incubated at 37°C in the dark with 1× Leibovitz L-15 medium (Invitrogen) 

containing QD- MA/CA- Alexa 568 at QD concentrations of 150 nM. 2 hrs after 

incubation with the probes, the cells were washed with PBS and observed under Zeiss 

Axiovert 40 CFL inverted fluorescence microscope. To introduce the HIV-1 PR, HeLa 

cells containing the probes were transfected using Lipofectamine
TM 

2000 transfection 

reagent (Invitrogen) with the plasmid pNL4-3.HSA.R
-
E

-
 (Connor et al., 1995; He et al., 

1995) expressing the entire HIV-1 genome.  After 6 h, the medium was changed to the 

normal growth medium and cells were propagated for another 18 hrs and were then 
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observed under fluorescent microscope. In order to test the activity of the HIV-1 PR 

inhibitors, after removal of the transfection reagent, the cells were incubated with the 

growth medium containing an increasing concentration (0.01-10 µM) of the inhibitor 

Indinavir sulfate (NIH). 

Fluorescence Microscopy and image processing 

Cell imaging was performed on a Zeiss Axiovert 40 CFL inverted microscope 

equipped with a 12-V, 35-W halogen lamp (for the phase-contrast images) and an HBO 

50 W/AC mercury lamp (for the fluorescence images). The objectives used were a 

5×/0.12 A-Plan, a 10×/0.25 A-Plan, a 20×/0.50 EC Plan-NEOFLUAR, and a 40×/0.50 

LD A-Plan (Zeiss). Fluorescent probes were detected by using two different filter sets; 

QD filter consisting of a D436-nm exciter, a D535/50-nm emitter, and a 475 nm-dichroic 

long pass beam splitter (Chroma Technology) and FRET filter consisting of a D436-nm 

exciter, a D610/50-nm emitter, and a 475 nm-dichroic long pass beam splitter. Images 

were acquired by using a ProgRes MFscan Monochrome CCD camera (Jenoptik). Both 

phase-contrast and fluorescence images were analyzed by using Image-Pro PLUS 

analysis software (Media Cybernetics). All settings for image processing were kept 

constant, and the exposure time for image capture was adjusted, if necessary, to maintain 

output levels similar to those observed under the fluorescence microscope. The 

intracellular distribution of the QD- based probes were analyzed by merging the bright 

field images with the fluorescence images. Composite merged images were produced by 

superimposing the fluorescence images from the QD filter and from the FRET filter. 
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Quantification of Fluorescent Signals 

The QD fluorescence intensity and Alexa fluorescence intensity for each well was 

quantified by randomly choosing four to five fields within each well of untreated or 

treated samples using Image-Pro PLUS analysis software.  
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Results 

Protein module design and peptide synthesis 

For the production of peptides containing either the MA/CA or the p6/PR 

cleavage sites, a genetically programmable protein module was rationally designed to 

have several functional domains in a linear N to C terminal configuration (scheme 4.1) 

including: (i) an N terminal hexahistidine (His6) for QD attachment, (ii) an exposed 

protease recognition/cleavage sequence, (iii) a unique cysteine residue for site-specific 

conjugation with a fluorescent dye, (iv) an ELP domain for thermal purification and (v) a 

flanking TAT peptide sequence for cell penetration. By taking advantage of the 

genetically programmable protein module the two different peptides were produced by 

altering the cleavage site sequence, while keeping rest of the domains same. This led to a 

significant reduction on the cost of protein synthesis. In addition, the multifunctional 

modular peptide provided rapid production and purification of the protein. The proteins 

were produced uniformly in E. coli BL-21 Gold (DE3) and purified by taking advantage 

of the temperature-responsive properties of ELP. SDS-PAGE analysis indicated the 

expected molecular weight of 48 kDa (Figure 4.1 A), corresponding to the composition 

of the proteins (scheme 4.1).  
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Assembly and characterization of the QD-peptide-dye conjugates 

The peptides were labeled with a thiol-reactive fluorescent dye - Alexa 568 

maleimide through the formation of a thioether bond with a unique cysteine residue after 

the protease cleavage sequence.  The conjugation of the dye to the protein module was 

evaluated using SDS-PAGE (Figure 4.1 A). A strong fluorescent band corresponding to 

the protein module was detected under UV light, indicating the successful conjugation to 

Alexa 568 maleimide. The fluorescently labeled peptides were then self assembled on the 

DHLA capped QDs 545 through the metal affinity of His to the ZnS shell of the QDs. 

Figure 4.1 B shows the spectra for QDs 545 self-assembled with either MA/CA Alexa 

568 or p6/PR-Alexa 568. Binding of protein-Alexa to QDs showed a loss in QD 

photoluminescence (PL) along with a concomitant increase in acceptor PL.  Monitoring 

the relative QD donor and fluorescent protein acceptor emissions at different acceptor 

ratios (data not shown) allowed us to choose an optimal conjugation ratio of 10 protein-

Alexa dyes per QD. Moreover, our previous results have shown that with 1:10 

conjugation ratio (Figure 3.5. Chapter 3), HIV-1PR could effectively cleave the probe 

and resulted in a large, detectable change in the FRET/QD signal.  

Cellular uptake of QD-MA/CA-alexa and QD-p6/PR alexa probes 

To determine that QD-MA/CA-alexa and QD-p6/PR alexa probes could be 

translocated across the plasma membrane with the help of the TAT peptide, the HeLa 

cells were incubated with the probes for 2 hrs and then washed with PBS and 

subsequently imaged using a fluorescent microscope. Figure 4.2 shows images collected 
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for HeLa cells incubated with the indicated QD bioconjugates. First row of panel shows 

510 nm emitting QDs (green), Alexa 568 (red), merged fluorescent images and second 

row of panel shows representative DIC and merged fluorescent composite images. The 

composite image clearly shows the localization of the probes inside the cells in a 

homogenous manner, indicating the successful translocation of the probes by TAT 

peptide mediated delivery. In contrast, incubation of QDs without any conjugation 

resulted in no substantial uptake within the same duration, confirming that the TAT 

sequence presented on the protein module is fully functional and is solely responsible for 

the intracellular uptake (data not shown). Interestingly it was found that red fluorescent 

signal from Alexa 568 was brighter in nearly 100% of cells, while only a weak green 

fluorescent signal was detected for the QD. Moreover, in the merged image the 

fluorescent signal from Alexa 568 was prominent over the QD signal, indicating that the 

energy was transferred from the QD to Alexa 568. Thus, FRET between QD and Alexa 

568 could be monitored not only in solution but also inside the HeLa cells. The 

fluorescent intensity was constant for up to 48 hr, indicating that the probes were retained 

inside the cells after delivery and were resistant to intracellular degradation.  

Proteolytic cleavage of the different probes by HIV-1 PR 

Cleavage of Gag occurs in a temporally regulated manner; however individual 

cleavage sites on the HIV Gag and Gag-Pol polyproteins are processed at different rates 

which can be reproduced
 
in in vitro reactions (Erickson et al., 1989). Thus, we examined 

the proteolytic activity of HIV-1PR towards its two different cleavage sites.  HeLa cells 
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carrying either the QD-MA/CA-Alexa or QD-p6/PR-Alexa were transfected with the 

plasmid pNL4.3 R
-
E

-
 expressing the HIV-1 genome. One of the major advantages of 

using this plasmid is that due to a deletion in the envelope gene, the viruses produced are 

non-infectious. In addition, they undergo only one round of replication. 18 hr post 

transfection, the transfected cells were analysed by using fluorescence microscope. In the 

transfected cells, a significant increase in QD signal with a reduction in the FRET signal 

was observed, thus causing a shift in the merged fluorescent image from red to green. It 

was evident in both QD-MA/CA-Alexa and QD-p6/PR-Alexa probes containing cells 

(Figure 4.3 A & B). In contrast no appreciable FRET abrogation was seen in non-

transfected cells, clearly indicating that the increase in QD signal with a concomitant 

decrease in FRET signal was due to the proteolytic cleavage of MA/CA and p6/PR by 

HIV-1 PR. In addition, the transfected cells also showed characteristic CPE as compared 

to non-transfected cells, which further supports that HIV-1 PR was expressed in these 

cells and abrogation in FRET was protease dependent.  

We next did a quantitative analysis of the QD and FRET signals by randomly 

choosing four to five fields within each well of non-transfected and transfected cells 

using Image-Pro PLUS analysis software. As shown in Figure 4.3 C, when we plotted 

Fa/Fd ratio, in the untransfected cells containing the MA/CA probes the ratio was 4.8due 

to the energy transfer from QD to Alexa 568 dye, while in the transfected cells this ratio 

came down to 1.76 due to the disruption in FRET by the HIV-1 PR mediated proteolytic 

cleavage of the MA/CA sequences.  Similarly, Fa/Fd ratio in the untransfected cells 

containing the p6/PR probes, was 6.8, while in the transfected cells this ratio came down 
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to 2.7 which reflects the proteolytic cleavage of the p6/PR site by HIV-1 PR. Thus, by 

using the QD-based FRET assay system we can quantitatively measure the proteolytic 

activity of the specific proteases in-vivo.  Although the cleavage efficiency of the p6/PR 

site by HIV-1 PR is 9 fold lower than the MA/CA site, the fact that similar cleavage 

efficiency was observed in both cases in-vivo was because, we provided sufficient time 

after transfecting the cells with the plasmid for complete cleavage of the substrates by 

HIV-1 PR.  

Screening cleavage site specific inhibitors 

We next determined the efficacy of our assay system in screening HIV-1 PR 

cleavage site specific inhibitors. Indinavir sulfate (IDV) is a selective, competitive 

inhibitor of HIV-1 protease. Moreover, it is a structural analogue of the HIV Phe-Pro 

protease cleavage site. Since the p6/PR cleavage site is the Phe-Pro protease cleavage 

site, we hypothesized that presence of IDV would inhibit the HIV-1 PR mediated 

cleavage of p6/PR, while it would have little or no effect towards the cleavage of MA/CA 

by HIV-1 PR. For screening the cleavage site inhibitor, the HeLa cells containing the 

QD-p6/PR-Alexa probes were pretreated with increasing concentration (10 nM- 10 µM) 

of IDV and then transfected with the plasmid pNL4.3 R
-
E

-
. It was found that with the 

increase in concentration of IDV, there was a progressive decline in the number of cells 

showing an increase in the QD signal (Figure 4.4 A). Furthermore there was a 

concomitant increase in the FRET signal in the transfected cells, indicating that IDV 

inhibited the activity of HIV-1 PR by acting as a competitive inhibitor and thus FRET 
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was retained in these cells. We next quantified the effects of IDV by measuring the total 

QD fluorescence (Fd) intensity and Alexa fluorescence (Fa) intensity within each well of 

control (untransfected), transfected and with the different dosages of Indinavir using 

Image-Pro PLUS analysis software. The Fa/Fd for each set of images were then 

normalized to (Fa/Fd)0 , which is the value of Fa/Fd in the control cells. As shown in 

Figure 4.4 B, when the Fa/Fd ratio was plotted, in the untransfected cells the ratio was 1 

due to the energy transfer from QD to Alexa 568 dye, while in the transfected cells this 

ratio came down to  0.39. However, in case of the inhibitor treated cells a dose dependent 

increase in Fa/Fd ratio was found. This increase in Fa/Fd ratio evidently reflects the 

inhibitory action of IDV. On the other hand, when the HeLa cells containing the QD-

MA/CA-Alexa probes were pretreated with increasing concentration (10 nM- 10 µM) of 

IDV and then transfected with the plasmid pNL4.3 R
-
E

-
, very little inhibition was 

monitored at lower dosages of IDV (Figure 4.5 A). The effects of IDV were further 

quantified. As shown in Figure 4.5 B at the lower dosages of IDV, the Fa/Fd ratio 

increased marginally. This clearly signified that IDV acts as a cleavage site specific 

inhibitor. However, at a concentration of 10 µM of IDV, the HIV-1PR mediated cleavage 

of MA/CA was completely abolished, which is in agreement with the drug‘s structure 

which binds to the active site of HIV-1 PR and prevents  HIV-1 PR mediated proteolytic 

cleavage.  

The Fa/Fd ratio of each sample was further used to calculate the percent inhibition 

in protease activity by using the equation; (Inhibitor treated- Untreated)/ (Untransfected- 

Untreated)*100.  A dramatic difference was found in the inhibition efficacy of IDV for 
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the p6/PR and MA/CA site. As shown in Figure 4.6, the IC50 of IDV for the p6/PR site 

was 10 nM while it was 0.1- 1 µM for the MA/CA site. IDV completely inhibited the 

HIV-1 PR mediated cleavage of p6/PR at a concentration of 1 µM, while for MA/CA the 

complete inhibition was achieved at a 10 fold higher concentration. These results taken 

together further signified that the QD-FRET based bioassay could be used for screening 

HIV-1 PR cleavage site specific inhibitors and would prove useful in high throughput 

screening assays.  
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Discussion 

 Here we present a novel method to probe the different native cleavage sites of 

HIV-1 PR under physiologic condition.  The system is easy to design as it is based on a 

genetically engineered protein module.  By the engineered protein module the cleavage 

sites can be easily changed without redesigning the entire module. The protein module 

containing the cleavage site can be easily labeled with a fluorescent dye and finally 

conjugated to QDs. The cleavage site acts as a linker between the QD and fluorescent dye 

and enables the transfer of energy from QD to fluorescent dye. The presence of protease 

causes proteolytic cleavage of its substrate thereby disrupting FRET. However, the 

presence of a cleavage site specific inhibitor acts as a competitive inhibitor for the active 

site of the protease and prevents proteolytic cleavage of the substrate. By using Indinavir 

sulfate which is a structural analogue of the p6/PR cleavage site of HIV-1 PR we 

demonstrated that our assay system can be used to screen inhibitors specific to the 

cleavage sites. Several studies have demonstrated that even subtle alterations in Gag 

precursor processing can lead to severe defects in the assembly of infectious virus 

particles. Furthermore, mutations in the HIV-1 p2 spacer peptide, which alters ordered 

Gag precursor cleavage, results in defective virus particle production (Krausslich et al., 

1995). Thus, it appears that by blocking the access of PR towards its cleavage sites, the 

assembly and release of infectious virions can be blocked. Moreover, results indicate that 

p6 is not required for efficient particle production from constructs expressing only the 

Gag precursor protein but rather is required in the context of the complete viral genome 

when PR is present. This observation reconciles the finding that p6 deletion does not 
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affect the production of HIV-1 and HIV-2 Gag-only particles (Luo et al., 1995; 

Hoshikawa et al., 1991) with results demonstrating that p6 is critical for virion production 

from full-length HIV-1 molecular clones (Go¨ttlinger et al., 1989; Huang et al., 1995). 

Results also indicate that data obtained with subgenomic Gag expression systems may 

not apply to systems using full-length, infectious molecular clones. Hence, our assay 

system can be used to not only screen for new blockers but at the same time can be used 

to check the effect of the blocker on the virion assembly and release. Moreover, this 

assay system can be used to screen inhibitors specific to cleavage sites in a high-

throughput way. Thus, this assay system holds potential for finding inhibitors for patients 

infected with a HIV strain with particular mutations in the cleavage sites. The sites 

observed to mutate most frequently flank the nucleocapsid protein (NC) (Cote et al., 

2001). The NC/p1 and NC/TFP are cleaved most slowly within the Gag and Gag-Pol 

precursors (Pettit et al., 1993; Wondrak et al., 1993). These sites may therefore evolve 

relatively quickly under small selective pressures.  

 It seems reasonable to assume that the strategy of putting a protease 

cleavage sequence between a QD and Alexa dye could be applied to other viral proteases 

that work on different cleavage sites as the protease cleavage sequences can be easily 

changed according to the specific target protease under study.  Thus, the QD based FRET 

assay system can be easily adapted to screen inhibitors for other viral proteases specific 

cleavage sites. Further, this new approach can be extended to screen inhibitors for 

proteases which get overexpressed in certain disease conditions like cancers and require 

monitoring the inhibitory effects of drugs in human cells. 
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Scheme 4.1: Schematic representation of the self assembled QD-peptide nanoprobes 

harboring engineered protein modules H-MA/CA-ET or H- p6/PR-ET. H-MA/CA-ET 

contains hexahistidine, HIV-1 PR cleavage sequence (MA/CA), cysteine residue for dye 

incorporation, ELP for thermal purification and TAT peptide for cellular delivery. In H- 

p6/PR-ET only the cleavage sequence is changed to another HIV-1 PR cleavage sequence 

(p6/PR), keeping the other modules same. Dye labelled modular peptides containing 

appropriate cleavage sequences are self-assembled onto the QDs. In this design, the QD 

photoluminescence (PL) is quenched by the fluorescent dye due to fluorescence 

resonance energy transfer (FRET). Presence of active proteases disrupts FRET resulting 

in an increased QD PL thus enabling a simple activity assay.  
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Figure 4.1: (A) SDS-PAGE analysis of H-MA/CA-ET and H-p6/PR-ET. Upper Panel; Lane 

1: protein size marker, Lane 2: purified protein module H-MA/CA-ET, Lane 3: purified protein 

module H-p6/PR-ET.  Lower Panel; H-MA/CA-ET and H-p6/PR-ET conjugated with Alexa 

568 maleimide, observed under UV lamp. (B) Fluorescence emission spectra of QD-

MA/CA-Alexa and QD-p6/PR-Alexa assembly at QD: Alexa ratio of 1:10. Excitation is 

435 nm 
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Figure 4.2: Cellular uptake of QD-p6/PR-Alexa probes. Representative images of HeLa 

cells incubated for 2 hour with 150 nM of self assembled QD-p6/PR-Alexa probes. The 

cells were visualized with a fluorescence microscope at 435 ex/ 535 em for QD and 435 

ex/ 610 em for FRET. The images obtained using QD filter and FRET filter sets were 

merged. The cells were also observed with DIC filter. The DIC images were merged with 

merged fluorescent image to obtain corresponding merged composite fluorescent images.  
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Figure 4.3: A & B Proteolytic activity of HIV-1 PR on its two different cleavage sites.    

QD-MA/CA-Alexa and QD-p6/PR-Alexa probes were delivered in HeLa cells. HeLa 

cells containing the probes were transfected with plasmid pNL4.3 HSA R
-
E

- 
expressing 

the HIV-Provirus. 18 hours post-transfection cells were observed under fluorescence 

microscope at 435 ex/ 535 em for QD and 435 ex/ 610 em for FRET. The images 

obtained using QD filter and FRET filter sets were merged. Only merged representative 

fluorescent images are shown for control (untransfected) and transfected cells. The 

increased QD fluorescence in the transfected cells was attributed to proteolytic cleavage 

of the MA/CA peptides and p6/PR by HIV-1 PR, which resulted in marked reduction in 

FRET efficiency between QD and Alexa dye.  (C) Quantitative Analysis of the images.  

The total fluorescence intensity of images obtained using QD filter (Fd) and FRET filter 

(Fa) for control (untransfected) and transfected were quantified using Image-Pro PLUS 

software. The Fa/Fd of transfected cells were then normalized to (Fa/Fd)0 , which is the 

value of Fa/Fd in the control cells. Data are means ± standard deviation from three 

experiments. 
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Figure 4.4: (A) Monitoring the inhibition efficiency of Indinavir for p6/PR cleavage site. 

QD-p6/PR-Alexa probes were delivered in HeLa cells. HeLa cells containing the probes 

were transfected with plasmid pNL4.3-HSA-R
-
E

- 
expressing the HIV-Provirus and were 

treated with increasing concentration (0.01-10 µM) of Indinavir. 18 hours post-

transfection cells were observed under fluorescence microscope at 435 ex/ 535 em for 

QD and 435 ex/ 610 em for FRET. The images obtained using QD filter and FRET filter 

sets were merged. Only merged representative fluorescent images are shown for each 

dosage of Indinavir. (B) Quantitative Analysis of the images. The total fluorescence 

intensity of images obtained using QD filter (Fd) and FRET filter (Fa) for control 

(untransfected), transfected and with the different dosages of Indinavir were quantified 

using Image-Pro PLUS software. The Fa/Fd for each set of images were then normalized 

to (Fa/Fd)0 , which is the value of Fa/Fd in the control cells. Data are means ± standard 

deviation from three experiments. 
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Figure 4.5:  (A) Monitoring the inhibition efficiency of Indinavir for MA/CA cleavage 

site. QD-MA/CA-Alexa probes were delivered in HeLa cells. HeLa cells containing the 

probes were transfected with plasmid pNL4.3-HSA-R
-
E

- 
expressing the HIV-Provirus 

and were treated with increasing concentration (0.01-10 µM) of Indinavir. 18 hours post-

transfection cells were observed under fluorescence microscope at 435 ex/ 535 em for 

QD and 435 ex/ 610 em for FRET. The images obtained using QD filter and FRET filter 

sets were merged. Only merged representative fluorescent images are shown for each 

dosage of Indinavir. (B) Quantitative Analysis of the images. The total fluorescence 

intensity of images obtained using QD filter (Fd) and FRET filter (Fa) for control 

(untransfected), transfected and with the different dosages of Indinavir were quantified 

using Image-Pro PLUS software. The Fa/Fd for each set of images were then normalized 

to (Fa/Fd)0 , which is the value of Fa/Fd in the control cells. Data are means ± standard 

deviation from three experiments. 
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Figure 4.6: Inhibition efficiency of Indinavir for p6/PR and MA/CA cleavage sites using 

the QD based FRET assay system. The Fa/Fd ratio of each sample was used to calculate 

the percent inhibition in protease activity by using the equation; (Inhibitor treated- 

Untreated)/ (Untransfected- Untreated)*100. Data are means ± standard deviations from 

three experiments. 
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Chapter 5 

                                    

Conclusion 
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Conclusions and Future Directions 

 In this thesis protein modules were engineered and applied for conducting 

different bioassays like detecting viral protease activity in-vitro and in-vivo, detecting 

cancer markers and for screening protease inhibitors. A series of genetically engineered 

protein modules as QD based FRET -substrates were designed to work as nanoprobes for 

sensing protease activity. The use of programmable protein module for developing 

nanoprobes is a novel approach and offers several distinct advantages as compared to 

synthetic peptides for the purpose. The in-house production of peptides caused a 

significant reduction on the cost of peptide synthesis. This method enabled rapid 

production and easy purification of peptides and thus helped to escape the tedious and 

time consuming protein purification procedures. Furthermore, by using this method, the 

peptides could be easily labeled with fluorescent dyes and finally conjugated to QDs to 

form functional nanoprobes. As the labeling of fluorescent dyes uses the thiol-maleimide 

chemistry, several different dyes can be used for labeling and thus QDs of different 

emission can be used for conjugation. Hence, this method has the potential to generate 

several different FRET pairs which can be used for multiplex assays.  

Most importantly, with the modular design of the protein module there was no 

need for major redesign when targeting a new protease. Peptide specificity could be 

varied by altering only the recognition sequence without significantly modifying other 

modules. The flexibility of the approach was demonstrated by generating nanoprobes for 

rapid and sensitive detection of the cancer-specific matrix metalloprotease (MMP-7) and 

the West Nile virus protease (NS3). The developed nanoprobes were able to detect 
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protease activity with the sensitivity to a few nanograms per milliliter. Besides, the limit 

of detection of West Nile Virus protease is the lowest reported in literature. These 

nanoprobes were also able to measure the activity of protease inhibitors and thus can be 

used for high-throughput anti-protease drug screening.  

The most important feature of these nanoprobes is the TAT peptide sequence by 

which the nanoprobes were efficiently delivered inside mammalian cells in a non-

invasive way. The delivery of sensors took as low as 2 hrs and the probes were 

homogenously distributed inside the cells. Moreover, the fluorescent signal from the QD 

and fluorescent dye was intact for atleast 48 hrs. Through this research, we successfully 

generated QD-based biosensors capable of detecting protease activity inside living cells. 

By far, this is the first report of a sensor that can be used to detect protease activity in-

vivo in a rapid, sensitive and facile way. Moreover, the protease activity could be 

monitored in response to different inhibitors making it a low-cost and tunable approach 

for protease inhibitor discovery.  In addition, cell based assay aids in monitoring the 

cytotoxicity and transport efficiency of potential drugs. With the development of high-

throughput fluorescence microscopy and its associated image analysis system, it is 

reasonable to assume that this QD based FRET assay system can be an ideal platform 

adaptable for high-throughput screening of inhibitors for proteases which require 

monitoring the inhibitory effects of drugs in human cells.  Also in the context of rapidly 

mutating viruses like HIV-1, a rapid, sensitive and convenient assay system to screen 

protease inhibitors is an invaluable tool.  Thus, we anticipate that our QD based FRET 

assay system will find applications in the diagnostic and pharmaceutical fields for the 
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diagnosis of protease related diseases and screening of potential drugs with high 

sensitivity in a high throughput manner.   

 

 

 




