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Abstract 

 
 

Cocaine esterase (CocE) is the most efficient cocaine-metabolizing enzyme tested in 

vivo to date, displaying a rapid clearance of cocaine and a robust protection against 

cocaine’s toxicity.  A major obstacle to the clinical application of CocE, however, lies in 

its short in vivo half-life, proteolytic degradation, and induced immune response.  To 

overcome these issues, PEGylation and cell encapsulation are employed in this 

dissertation study to modify CocE.  These two strategies are designed to protect CocE 

from deactivation by circulating proteases and the host immune system, and therefore 

prolonging its in vivo half-life and reducing its immunogenicity. 

 

PEGylation of CocE was successfully carried out and characterized.  The PEG-CocE 

conjugates prepared in this study showed a purity of greater than 93.5%.  As 

demonstrated by the enzyme-linked immunosorbent assay (ELISA), attachment of PEG 

to CocE apparently inhibited the binding of anti-CocE antibodies to the PEG-CocE 

conjugate.  In addition, PEGylation yielded protection to CocE against thermal 

degradation and protease digestion.  Preliminary in vivo results suggested that, similarly 

to native CocE, the PEG-CocE conjugates were also able to protect animals from 

cocaine-induced lethality. 

 

Cell encapsulation of CocE was accomplished by creating a cell permeable form of 

CocE.  Two cell penetrating peptides (CPPs), Tat and LMWP, were covalently linked to 

CocE, generating two chemical conjugates and four recombinant fusion proteins.  The six 

CPP-CocE variants possessed a varied extent of cocaine hydrolyzing activity and cell 

permeability. The cellular uptake of CPP-CocE variants observed in HeLa cells, RBC, 

and nasal epithelial cells were found to be dependent upon incubation time and 

concentration.  Moreover, the nasal epithelial cells transduced with CPP-DMCocEs 
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retained the ability to hydrolyze cocaine, indicating preservation of the enzymatic activity 

of the cell-encapsulated CPP-DMCocE variants. 

 

In conclusion, the present studies suggest that PEGylation may prolong CocE’s 

functionality in the circulation and reduce its potential immunogenicity.  They also 

demonstrate that attachment of CPP groups enables CocE to become cell permeable and 

meanwhile maintains CocE’s enzymatic activity.  These strategies would not be valuable 

for potential clinical application of CocE, but also for other protein therapeutics with 

problems of in vivo stability and immunogenicity. 
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CHAPTER 1 

Introduction and Specific Aims 

 

 

1.1 Cocaine Intoxication 

Cocaine is one of the most addictive and commonly abused illicit drugs in the United 

States.  In 2009, estimated 5.3 million people in the United States had used cocaine in the 

past year, and 1.1 million of them were cocaine dependent (1, 2).  In addition to its 

widespread prevalence and potential for addiction, cocaine is also a highly toxic 

substance that can be lethal.  Cocaine may cause seizures, convulsions, aorta rupture, 

myocardial infarction, and sudden death (3-5).  According to recent estimates, cocaine 

was involved in about 555,530 visits to hospital emergency departments in 2007; in half 

of these visits, patients needed immediate detoxification or treatment services (6).  Given 

the extent of cocaine abuse and life-threating complications of cocaine toxicity, cocaine 

use has become a critical public health issue in the United States, pointing to the urgent 

need for effective treatments to combat cocaine abuse.  Unfortunately, current treatments 

for cocaine toxicity still remain symptom-based; an effective pharmacotherapy to 

neutralize cocaine’s toxic effects is still unavailable (7).   

 
An alternative solution for treating cocaine toxicity is to accelerate cocaine 

metabolism, which can be accomplished by the administration of cocaine-hydrolyzing 

enzymes (8).  These enzymes can break down cocaine in the circulation, so cocaine 

concentration at the sites of action, mainly in the central nervous system (CNS) and the 

cardiovascular system, will be insufficient to initiate pharmacological effects.  Several 

cocaine-hydrolyzing enzymes, including a recently discovered bacterial cocaine esterase 

(CocE), have been shown successful in reducing cocaine concentration in circulation, as 

well as reversing cocaine’s neurological and cardiovascular toxicity (9, 10). 
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Compared to other naturally-occurring cocaine-hydrolyzing enzymes, i.e. serum 

butyryl-cholinesterase (BchE) and liver carboxylesterases (hCEs) (14) in mammals, CocE 

is more efficient and specific for cocaine metabolism.  According to the specificity 

constant ( cat

M
), which represents the maximal possible rate of an enzyme converting a 

substrate (see Section 3.2.3 for detailed information), CocE hydrolyzes cocaine at least 

800-fold faster than other native cocaine-hydrolyzing enzymes (Table 1).  Moreover, 

unlike the other native cocaine-hydrolyzing enzymes, which accept a broad range of 

substrates besides cocaine (15, 16), CocE only hydrolyzes cocaine and cocaethylene, a 

toxic metabolite from cocaine and alcohol co-administration (13).  Therefore, for cocaine 

overdose treatment, the administration of exogenous CocE would only metabolize 

cocaine, but not degrade any endogenous molecules in the circulation.     

Table 1 Kinetics of natural-occurring enzymes involving cocaine hydrolysis. 
 

Enzyme kcat (min-1) KM (µM) 
kcat/KM 

(sec-1M-1) 
Reference 

  

BchE 4.1 4.5 1.5 x 104 (16) 
hCE-1 0.06 120 8.3 (15) 
hCE-2 7.2 390 3.1 x 102 (15) 
CocE 468 0.64 1.2 x 107 (13) 

   

 

 

In addition to its relative proficiency compared to other native cocaine-hydrolyzing 

enzymes, the kinetic profiles of CocE are also suitable for rapid cocaine elimination.  

According to the criteria suggested by Landry et al., to prevent a significant amount of 

cocaine from entering the CNS, a cocaine-hydrolyzing enzyme for overdose treatment 

should have a kcat > 120 min-1 and a KM < 30 µM (17).  Since the kinetic parameters of 

CocE (kcat = 468 min-1, KM = 0.64 μM) meet these criteria, CocE should be sufficient for 

a rapid detoxification in cocaine overdose patients.  In addition to its high efficiency for 

hydrolyzing cocaine, CocE does not generate any metabolites with side effects.  CocE 

hydrolyzes cocaine to ecgonine methyl ester and benzoic acid (13); these two metabolites 

are physiologically inert and can be excreted directly in urine (14). 
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Because of its advantages over other native cocaine-hydrolyzing enzymes, CocE has 

been extensively investigated for its ability to counteract cocaine’s toxic effects.  

Research on animal models has shown that CocE significantly reduced the plasma 

cocaine concentration, as well as the lethality, at high cocaine doses (10, 18-20).  It also 

has showed a robust protection against cocaine toxicity to the CNS and cardiovascular 

system.  However, in spite of encouraging results in animals, there are still two major 

obstacles to the clinical applications of CocE in humans, and only one of which has been 

successfully solved.  

 

 

1.3 Major Obstacles to the Clinical Applications of CocE 

The first drawback of CocE is thermal stability.  Native CocE is extremely unstable 

and rapidly deactivated at physiological temperature; its in vitro half-life at 37 °C is only 

~13.7 min (10).  To improve its thermal stability, two mutants of CocE (CocE-

T172R/G173Q and CocE-L169K) have been developed through a computational 

structure analysis, which was designed to stabilize CocE by increasing the buried enzyme 

surface area (21, 22).  The mutations on T172R/G173Q and L169K extended the in vitro 

half-life to ~4.5 hours and ~2.9 days, respectively, representing a ~20-fold and ~300-fold 

improvement over native CocE.   

 

The remaining challenge to using CocE as a treatment is its immunogenicity.  All 

exogenous proteins (including CocE) are prone to be cleared by serum proteases in 

circulation.  Moreover, since CocE is a bacterial protein, after entering the circulation, 

CocE can be highly immunogenic and initiate a large production of anti-CocE antibodies.  

This extensive immune response will not only deactivate CocE, but more importantly, be 

potentially deleterious to the host.   

 

While the thermal stability of CocE has been successfully improved by 

computationally-designed mutation, its proteolytic degradation and induced immune 

response remain to be critical issues, which must be solved prior to any potential clinical 

application.  Therefore, the major scope of this dissertation is to create a more 
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proteolysis-resistant, less immunogenic form of CocE.  Two potential strategies, 

PEGylation and cell encapsulation, are employed in this dissertation to overcome the 

stability and immunogenicity issues, and the characteristics of these two strategies are 

now discussed in the following section.  

 

 

1.4 Potential Strategies to Enhance Therapeutic Efficacy of CocE 

1.4.1 PEGylation 

PEGylation, in terms of its terminology, means the modification of protein or other 

macromolecules by attaching one or several polyethylene glycol (PEG) chains (23). Due 

to the dynamic mobility of their bulky chains, PEG groups can generate a steric 

hindrance on the protein surface, and therefore shield the protein from the binding of 

proteases and antibodies in circulation.  Over their non-PEGylated counterparts, 

PEGylated proteins usually exhibit several advantages, including reduction or elimination 

of protein immunogenicity, protection against degradation by metabolic enzymes, and 

extension of the residence time in the circulation (23).  Several PEGylated therapeutic 

proteins have been approved by the FDA for clinical use, such as PEG-adenosine 

deaminase  (Adagen®) for the treatment of severe combined immunodeficiency (SCID), 

PEG-asparaginase (Oncaspar®) for the treatment of leukemia, and PEG-interferon α2b 

(PegIntron®) for the treatment of chronic hepatitis C virus infection (24). 

 

 

1.4.2 Cell Encapsulation 

Another potential approach to improve the stability and immunogenicity of CocE is 

encapsulating CocE in cells.  As long as CocE is confined inside the cells, it can be 

protected from proteolytic degradation in circulation, as well as detection by the host 

immune system.  However, the cell membrane is only permeable for small (< 400-500 Da) 

lipophilic molecules but not for macromolecules (25) including CocE.  To solve this 

permeability issue for cell encapsulation, in this dissertation, a cell permeable form of 

CocE is developed by attaching CocE to cell penetrating peptides (CPPs). 
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Cell Penetrating Peptides (CPPs) 

CPPs, also known as peptide transduction domains (PTDs) or membrane 

translocation sequences (MTSs), are a group of short peptides that are able to cross the 

cell membrane.  Except for their short length (less than 30 amino acids) and positive 

charge, CPPs have few features in common (26).  CPPs can consist of natural or 

unnatural/modified amino acids, which can be either polycationic (a cluster of arginine or 

lysine) or amphipathic (a combination of lipophilic and hydrophilic amino acids) that is 

net positively charged at a physiological pH.   

 

In addition to their own cellular uptake, via covalent or electrostatic linkage, CPPs 

can deliver a wide range of cell-impermeable “cargos” into the cytosol.  These “cargos” 

can be small molecules or macromolecules, including anti-cancer molecules (27, 28),  

proteins (29, 30), peptides (31, 32), oligonucleotides (33), siRNA (34), plasmids (35), 

nano-particles (36), and MRI-contrast agents (37).  Since there is no limitation on the 

type of CPP-carried cargo, this CPP-mediated intracellular delivery generated 

considerable interest.  In fact, over the last decade, the concept of CPP-mediated delivery 

was applied in more than 300 studies, and this number is still growing strongly (38-41).  

 

Although the cellular uptake of CPP and CPP-cargo has been widely investigated for 

most cell types, the mechanism of CPP-mediated cellular uptake remains unclear.    The 

first step in the CPP-mediated internalization, for which there is a consensus, is the 

electrostatic interaction between positively-charged CPPs and the negatively charged 

extracellular matrix proteins, mainly heparan sulfate proteoglycans (42).  This 

electrostatic binding accumulates CPP (or CPP-cargo) at the cell surface, and initiates the 

pathways afterwards for the cellular uptake.  Currents models for two proposed pathways 

for CPP-mediated cellular uptake are demonstrated in Figure 2 (43). 
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Due to the endosomal entrapment issue in the endocytosis pathway, direct 

translocation is a more favorable pathway for the CPP-mediated delivery of proteins. 

According to all of the current studies of CPP-mediated internalization, however, the two 

aforementioned pathways of cellular uptake usually occur simultaneously for most CPPs 

and CPP-cargo (41).  Nevertheless, the preference for the two cellular uptake pathway of 

each CPP/CPP-cargo can be altered by a variety of parameters, including the nature and 

structures of the CPPs and cargo, the type of cells and membrane composition, and the 

detailed conditions when conducting the cellular uptake.   

 

 

Red Blood Cells (RBC) Encapsulation for CocE 

Among all cell types which can be employed as carriers for CocE encapsulation, the 

use of RBCs appears to be most appealing, because RBC offer several unique advantages 

as carriers for delivering a therapeutic enzyme like CocE.  In terms of their physiological 

properties, RBC are biocompatible and biodegradable, especially when autologous cells 

are used.  The biconcave shape of RBC also provides a large surface-to-volume ratio (1.9 

x 104 cm/g) that is available for enzyme loading.  From a pharmacodynamic perspective, 

owing to their enucleated and relatively inert intracellular environment, RBC would not 

only protect the loaded enzymes from proteases and immune responses in circulation, but 

also protect the host from any side effects such as immunogenicity.  From a 

pharmacokinetic prospective, the normal life-spam of RBC is 120 ± 20 days (45), which 

is significantly longer than any known synthetic drug carrier. 

 

On the other hand, as a small and lipophilic molecule, cocaine can readily cross the 

cell membrane and diffuse into the cell.  This rapid cellular uptake also occurs in 

circulation.  According to a study of intravenous cocaine injection in humans, cocaine in 

circulation can rapidly accumulate in the red blood cells (RBC) and reach the maximal 

concentration within five minutes (46).  More interestingly, the cocaine concentrations in 

RBC remain two-fold higher than the concentrations in plasma (46).  This strengthens the 

reason to develop an enzyme formulation to efficiently digest cocaine inside the RBC. 
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The first attempts to load a therapeutic enzyme into RBC were carried out in 1973 

(47).  To date,  RBC encapsulation for enzymes has resolved many inherent drawbacks in 

enzyme replacement therapies, such as short half-lives, immune and allergic reactions, 

and host toxicity (48).  Thus, this approach has been studied for treating enzymatic 

deficiencies or intoxications such as acute lymphoblastic leukemia (49), Gaucher’s 

disease (50), alcoholism (51), and methanol intoxication (52). 

 

When loading therapeutic enzymes into RBCs, the loading process should be taken 

to prevent damage to the RBC membrane.  If the RBC membrane is compromised during 

the process, the hemoglobin and cytoskeletons inside RBC would leak out, which results 

in uniconcave or spherical, pink or pale-colored RBC known as “RBC-ghosts”.  RBC-

ghosts with abnormal morphology will be recognized by the host immune system as 

foreign entities, leading to a rapid phagocytosis and clearance.  However, current enzyme 

loading approaches, such as osmosis (exposing cells to a hypotonic solution), 

electroporation (inducing pores on the cell membrane by a strong external electrical field), 

and drug-induced endocytosis (using primaquine or hydrocortisone to trigger membrane 

internalization by stomatocyte formation) all require disruption of the cell membrane to 

increase permeability (53).   

 

Unlike the aforementioned methods, CPP-mediated enzyme loading does not alter 

the physical properties and chemical compositions of RBC.  According to the results 

from our group, CPP-mediated RBC encapsulation will not cause cell membrane 

perturbation, but rather produces a morphologically normal and enzyme-loaded RBC (54, 

55).  Moreover, the loading efficiency of this CPP-medicated method was shown to be 

comparable to all other current methods. 

 

The scheme for loading CPP-CocE into RBC is shown in Figure 3.  The CPP-

mediated loading can be easily achieved by incubating CPP-CocE with RBC.  Since 

CPP-CocE is cell permeable, it can pass through the RBC membrane and enter the cells.  

After the loading process, the CPP-CocE-loaded RBC can be injected into a cocaine 

overdosed patient.  Any cocaine molecule diffusing into the enzyme-loaded RBC will be 
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rapidly converted into inactive metabolites, and the enzyme inside the RBC will be 

available again for next run of cocaine digestion.   

 

 

Figure 3 CocE-loaded RBC as a treatment to reduce cocaine concentration in circulation. 
 

 

1.5 Specific Aims 

The research objective of this dissertation is to improve the thermal stability and 

immunogenicity of CocE.  On this basis, the following specific aims will be addressed:  

 

1. To modify CocE by PEGylation. 

2. To produce CPP-attached CocE variants and systemically compare their in vitro 

properties. 

3. To encapsulate CPP-CocE variants into cells and evaluate the properties of the 

CPP-mediated cellular uptake. 
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CHAPTER	2	

CocE	PEGylation	

 

 

Enhancing cocaine metabolism by administration of cocaine esterase (CocE) has 

been considered as a promising treatment strategy for cocaine overdose and addiction, as 

CocE is the most efficient native enzyme yet identified for metabolizing the naturally 

occurring cocaine.  A major obstacle to the clinical application of CocE, however, lies in 

its thermo-instability, rapid degradation by circulating proteases, and potential 

immunogenicity.  PEGylation, namely by modifying a protein or peptide compound via 

attachment of polyethylene glycol (PEG) chains, has been proven to overcome such 

problems and was therefore exploited in this CocE investigation. 

 

The PEG-CocE conjugates prepared in this study showed a purity of greater than 

93.5%.  Attachment of PEG to CocE apparently inhibited the binding of anti-CocE 

antibodies to the conjugate, as demonstrated by the enzyme-linked immunosorbent assay 

(ELISA) assay.  In addition, PEGylation yielded protection to CocE against thermal 

degradation and protease digestion.  Furthermore, preliminary in vivo results suggested 

that, similarly to native CocE, the PEG-CocE conjugates were able to protect animals 

from cocaine-induced toxic effects.  Overall, this study provides evidence that the 

PEGylation may serve as a tool to prolong CocE functionality in the circulation and 

reduce its potential immunogenicity. 

 

 

2.1 Introduction 

Cocaine is a well-known tropane alkaloid acting as a powerful central nervous 

stimulant and reinforcing drug (56).  Therefore, the abuse of cocaine continues to be a 
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major societal and health problem (57).  Recently, a bacterial cocaine esterase, namely 

CocE that is found in Rhodococcus sp. MB 1 and lives in soil surrounding the coca plant, 

has been reported to possess a high efficiency in degrading cocaine by hydrolyzing the 

benzoyl ester of cocaine to produce inactive metabolites, ecgonine methyl ester and 

benzoic acid (12).  CocE is a globular, 574-amino acid bacterial enzyme with a molecular 

weight of ~63 kDa, and is among the most efficient protein catalysts characterized to-date 

for the hydrolysis of cocaine (12).  The major obstacles to clinical application of CocE in 

treatment of cocaine overdose, however, lie in its temperature-dependent inactivation, 

with an in vitro plasma half-life of approximately 15 min at physiological temperature 

(37 °C) (18).  In addition, CocE is prone to enzymatic degradation by circulating 

proteases. Moreover, since CocE is a bacterial protein that is foreign to the mammalian 

genome, immunogenicity remains to be a serious concern with regard to its real-time 

clinical use.  While thermo-stable variants of CocE have been developed with a nearly 

30-fold increase in plasma half-life observed in both in vitro and in vivo studies (21), 

rapid proteolytic degradation and its triggered response by the host immune system 

remain to be the most critical issues that must be addressed prior to any potential 

application in clinical practice (10).  PEGylation, in terms of its terminology, means 

modification of a protein molecule or a carrier cargo (e.g. liposome) by attaching one or 

several polyethylene glycol (PEG) chains (23).  The PEGylated conjugates normally 

exhibit several advantages including a reduction or elimination of protein 

immunogenicity, protection against degradation by metabolic enzymes, and prolongation 

of the residence time in the circulation (23, 58).  Such benefits stem from the steric 

hindrance effect on the protein molecule by these surrounding bulky PEG chains 

possessing unparalleled special dynamic mobility; a hallmark protection mechanism by 

PEG.  Several examples of success have already been reported.  For instance, PEG-

asparaginase (Oncaspar®, ENZON Phamaceuticals Inc., Bridgewater NJ) has been 

approved by the FDA for clinical use since 1994 in treating acute lymphoblastic leukemia 

(59).  In addition, PEG-interferon α2a (Pegasys®, Roche, Nutley NJ) by utilizing 

branched PEG 40 kDa was introduced into the market in 2001 for treating hepatitis C (60, 

61).  Moreover, branched PEG-anti-VEGF aptamer (Pegaptanib®, Macugen™, OSI 
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Pharmaceuticals, Melville, NY) has been approved since 2004 for selective management 

of age-related macular degeneration (62, 63). 

 
In this study, conjugation of CocE with both linear and branched PEG40K was 

investigated.  The chemically synthesized PEG-CocE conjugates were purified by passing 

through an anion-exchange column.  Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) was applied to assess the apparent molecular mass and 

purity of the PEG-CocE conjugates.  In vitro assays were carried out to determine the 

effect of PEGylation on the functionality of CocE in hydrolyzing cocaine.  The protective 

effect of PEG on the in vitro thermo-stability and against trypsin digestion of CocE was 

evaluated at 37 °C.  ELISA was employed to evaluate the recognition ability of the PEG-

CocE conjugates towards anti-CocE polyclonal antibodies.  Lastly, the feasibility of in 

vivo application of PEGylated CocE was examined by using a rodent model. 

 

 

2.2 Materials and Methods 

2.2.1 Materials 

Different types of PEG polymers were obtained from Nektar Therapeutics (San 

Carlos, CA).  Unless otherwise stated, chemicals and reagents were from Fisher Scientific 

Co. (Pittsburg, PA) or Sigma (St. Louis, MO).  Water was distilled and deionized 

(ddH2O). 

 

2.2.2 Methods 

Preparation of wild type (WT) CocE and CocE mutant T172R/G173Q 

The wild type CocE and CocE mutant T172R/G173Q were prepared according to 

procedures described previously (13, 21).  Point mutations were generated using the Site-

Directed Mutagensis Kit (QuickChange, Stratagene, La Jolla CA), and the double mutant 

was generated using single-point mutations as the templates.  Wild type and mutant 

cDNAs were cloned by utilizing the bacterial expression vector, pET-22b (+).  All 

enzymes were expressed as 6× His-tagged proteins in E. coli BL-21 (DE3) cells that were 
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grown at 37 °C.  Protein expression was induced with 1 mM isopropyl-β-

thiogalactopyranoside for 12 h at 18 °C.   

 

Cells were pelleted, resuspended in 50 mM Tris–HCl buffer (pH 8.0) containing 150 

mM NaCl, 1 mM dithiothreitol (DTT), and a protease inhibitor cocktail (34 μg/ml each of 

L-tosylamido-2-phenylethyl chloromethyl ketone, 1-chloro-3-tosylamido-7-amino-2-

heptanone and phenylmethylsulfonyl fluoride, as well as 3 μg/ml each of leupeptin and 

lima bean trypsin inhibitor) and then lysed using a French press (Thermo Fisher Scientific 

Corp, Needham Heights MA).  His-tagged enzymes were enriched 6-fold by using Talon 

metal affinity chromatography (Clontech Laboratories, Inc., Mountain View CA), and 

purified using the Q-Sepharose (GE Healthcare, Piscataway NJ) anion-exchange column.  

CocE was eluted from the Q-Sepharose column with 150–450 mM NaCl linear gradient 

buffer (pH 8.0) containing 20 mM HEPES, 2 mM MgCl2, 1 mM EDTA, and 1 mM DTT.  

The peak fractions were pooled, concentrated by using a centrifugal filter device 

(Carrightwohill, Co. Cork, Ireland), snap frozen in liquid nitrogen, and then stored at −80 

°C prior to use. 

 

Preparation of PEG-CocE conjugate via amine group-directed PEGylation 

CocE (3 mg/ml) in 50 mM HEPES buffer at pH 8.0 was mixed with mPEG-NHS 

ester (MW: 5500 Da) at differing [NH2]:[mPEG] molar ratios ranging from 1:2 to 1:10, 

based on the number of lysine residues on CocE (8 Lys).  Conjugation reaction was 

performed for 30 min to 1 h at 4 °C in the presence of gentle shaking.  The reaction 

mixture was concentrated and purified by centrifugal filtration (MWCO: 30,000 Da) at 4 

°C by adding 10× volumes of cold PBS (50 mM, pH 7.4) four to five times.  Prior to and 

immediately after the conjugation reaction, initial rates of cocaine hydrolysis by the 

enzyme were measured by monitoring decrease in UV absorbance at 240 nm at 37 °C for 

60 s, following the addition of 50 µL 0.5 µg/ml CocE to 950 µL solutions containing a 

substrate concentration ranging from 7.8 to 125 μM.  On an average, approximately 70% 

of initial enzyme activity was recovered immediately after the PEGylation reaction. 
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Preparation of PEG-CocE conjugates via sulfhydryl group-directed PEGylation 

Prior to the conjugation reaction, CocE was treated with 50 mM DTT for 30 min to 

break down the disulfide bonds, and the excess DTT was removed by using a Sephadex 

G-25 desalting column.  Solutions containing 4 mg/ml DTT-treated CocE in 50 mM 

phosphate buffer (pH 7.4) were mixed with the linear PEG5K- or branched PEG40K-

maleimide (Jenkem Technology, Allen TX) at a molar ratio of 1:10.  The conjugation 

reaction mixture was stirred for 12 h at 4 °C, and purified with a Q-Sepharose anion-

exchange column eluted with 50 mM phosphate buffer (pH 7.4) containing 1 mM EDTA 

and a linear gradient of 0–500 mM NaCl.  Fractions were collected and concentrated by 

using an ultra-filtration device (MWCO: 10,000 Da). 

 

MALDI-TOF MS (Matrix-Assisted Laser Desorption/Ionization-Time-Of-Flight Mass 

Spectra) analysis 

The samples were desalted with Pipette Tip (ZipTip, Millipore) by utilizing a 

saturated solution of sinapinic acid in water/acetonitrile (1:1, v/v) and 0.1% 

trifluoroacetic acid as the matrix solution.  Aliquot containing 1 μL of the sample and 

matrix mixture was spotted onto a well of the sample plate and dried.  Mass calibration 

was performed using bovine serum albumin and cytochrome c as the standards.  Mass 

spectra were taken with linear mode Micromass TofSpec-2E (Waters, Milford MA) 

equipped with a high mass PAD detector.  Data were processed with a MassLynx 3.5 

software. 

 

SDS-PAGE analysis 

Fractions obtained under the NaCl gradient were analyzed by gradient (4–20% 

acrylamide; Invitrogen, Carlsbrad CA) type slab-SDS-PAGE.  Gels were stained with 

coomassie blue, and then analyzed using a densitometer equipped with a digital camera 

(FE-280,Olympus, Tokyo, Japan) and Image Processing and Analyzing software (ImageJ, 

National Institutes of Health, Bethesda MD). 
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Thermal stability and resistance to trypsin digestion 

Thermal inactivation was monitored by measuring the change in cocaine hydrolysis 

rate.  Samples containing 1.6 μM of CocE or PEG-CocE were incubated at 37 °C, and 

aliquots were taken periodically and subject to enzyme activity assay at 37 °C.  The rate 

of cocaine hydrolysis was determined by calculating the change of the absorbance over a 

1-min period at 240 nm using a spectrophotometer (BioTek, Winooski VT).  The value 

attained at each time point was divided by that at the initial time point to obtain the 

relative value.   

 

The resistance to trypsin digestion was evaluated by mixing trypsin and CocE at a 

trypsin/CocE ratio of 1:10 (w/w) and incubating with agitation at 37 °C.  The samples 

(CocE or PEG-CocE) were periodically removed to evaluate the cocaine hydrolyzing 

activity similar to the thermal stability test. 

 

ELISA assay 

The plates were coated with 100 μL of sheep anti-CocE polyclonal serum diluted to 

1/2500 in coating buffer, and then the plates were incubated overnight at 4 °C.  The 

liquid in the plate was removed and the plates were washed with PBS-Tween (1 ml 

Tween in 1 L phosphate buffered saline (PBS)) solution.  The non-specific protein 

binding sites were blocked by adding the blocking TENTC buffer (pH 8.0) containing 50 

mM Tris, 1 mM EDTA, 150 mM NaCl, 0.05% Tween 20, and 0.2% casein.  The plates 

were incubated for 1 h at room temperature.  PEG-CocE or CocE solutions (100 μL) were 

then loaded onto the wells and the plates were incubated for 4 h at room temperature. 

After washing the plates with the PBS-Tween buffer, an aliquot of 100 μL of rabbit anti-

CocE polyclonal serum diluted 1/2500 in TENTC buffer was added into each well and 

the plates were incubated for 1 h at room temperature.  The plates were thoroughly 

washed with PBS-Tween solution, followed by addition of 100 μL horseradish 

peroxidase-labeled goat anti-rabbit IgG (KPL, Gaithersburg MD) diluted 1/10,000 in 

TENTC buffer into each well.  The plates were then washed with PBS-Tween solution, 

and 100 μL of Lumiglow substrate (KPL) were then loaded into each well.  
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Measurements were conducted by recording the absorbance at 430 nm, and data were 

fitted to a bar graph (Microsoft Excel, Seattle, WA). 

 

In vivo experiments 

Male NIH-Swiss mice (25–32 g) were purchased from Harlan Inc.  (Indianapolis, 

IN).  All mice were allowed ad libitum access to food and water, and were maintained on 

a 12-h light–dark cycle with lights on at 6:30 AM to keep at a temperature of 21–22 °C.  

Experiments were performed in accordance with the Guide for the Care and Use of 

Laboratory Animals as adopted and promulgated by the National Institutes of Health.  

The experimental protocols were approved by the University Committee on the Use and 

Care of Animals at the University of Michigan. 

 

Cocaine-induced toxicity was evaluated by the occurrence of lethality, according to a 

previously established protocol (10, 18); where lethality was defined as cessation of 

observed movement and respiration.  A preliminary study was performed to determine 

the ability of PEG5K-CocE to protect cocaine-induced toxicity.  Following i.p. 

administration of several doses of cocaine (320, 560, and 1000 mg/kg; n=8 for each 

group), mice were immediately placed individually in Plexiglas containers for 

observation.  After 1 min, CocE or PEG5K-CocE (0.3 mg) was administered through the 

tail vein to each of the animals.  Dose–response curves of cocaine-induced lethality were 

used to compare the in vivo protective effect of native CocE versus the PEG-CocE 

conjugates. 

 

Statistical analysis 

Results are represented as means ± S.D., and data analysis and curve-fitting were 

conducted by using the Prism 5 (GraphPad Software, San Diego CA) and SPSS 16.0.2 

(GraphPad, Chicago, IL).  Two-way analysis of variance (ANOVA) was used to test for 

differences between groups and the level of significance value considered was 0.01. 
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SDS-PAGE analysis provided evidence to confirm this speculation.  Unlike ion-

exchange chromatography, SDS-PAGE would dissociate the dimeric CocE into 

monomeric units, thereby rendering it possible to characterize compositions of the PEG-

CocE conjugates (i.e. homo- and hetero-dimers) obtained from different fractions in 

Figure 6.  As displayed in Figure 7, Fraction #3 seen in the previous figure yielded a 

major upper band and a minor lower band on SDS-PAGE (i.e. Lane #2).  While the upper 

band corresponded to PEGylated CocE based on the estimated molecular weight, the 

lower band represented the CocE molecule without PEGylation based on the migration 

distance observed for native CocE (Lane #4).  Based on densiometric evaluation of the 

gel profile, the purity of the PEGylated CocE seen in the top band was approximately 

93.5%; suggesting the presence of primarily PEG-CocE homo-dimers in this fraction.  On 

the other hand, Fraction #4 displayed a mixture of an evenly distributed PEGylated and 

unreacted CocE monomers (Lane #3), where the bottom band was in almost identical 

intensity as the top band, implicating the presence of mainly PEG-CocE hetero-dimers in 

this fraction.  MALDI-TOF mass spectroscopy, often employed to identify a purified 

PEGylated product (65), was used to determine the number of PEG molecules attached to 

each CocE monomer in Fraction #3 of Figure 6.  As shown in Figure 8, mass spectra of 

Fraction #3 yielded a major peak with a m/z ratio of 10,6223 Da, suggesting the presence 

of one PEG molecule on a CocE; based on its precise correlation to the mass of PEG (40 

kDa) and a monomeric CocE (note: a separate MALDI-TOF spectra of native CocE 

showed a major peak at a m/z ration of 63,338 Da; data not shown).  It should be pointed 

out that, unlike results seen in Figure 5, in which more than two short 5 kDa PEG chains 

could be attached to each CocE monomer, only one of the large and branched PEG 

molecules could be successfully conjugated to each CocE monomer; obviously due to the 

large hydrodynamic size of the branched PEG.  Nevertheless, later studies (see below) of 

this PEG-CocE conjugate showed that attaching one branched PEG was already effective 

in yielding steric repulsion against proteolytic degradation and recognition by opsonizing 

antibodies. 
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A large discrepancy between the calculated molecular weight by the MAlDI-TOF 

(~105 kDa) method and the SDS-PAGE assay (116-200 kDa) by using the gradient gel 

was observed.  The discrepancy, however, could be accounted for in terms of the 

difference in the hydrodynamic radii between the compact globular CocE protein and 

linear PEG polymer (66) and, as a consequence, movement of PEGylated CocE in the 

SDS-PAGE gel matrix was reduced thereby yielding an apparently larger molecular 

weight on the calculation (66, 67). 

 

 

2.3.2 Stability against thermal denaturation and trypsin digestion 

After PEGylation, CocE retained approximately 56-75% of its original activity.  

While the chemical conjugation process undoubtedly would result in a certain degree of 

irreversible damage on the enzyme, this reduction in biological activity of PEG-CocE 

could also be attributed to some topological changes occurring in the structure of the 

enzyme, or to PEG-related steric impediment that could have disturbed protein-receptor 

interactions and diminished the accessibility of CocE to its substrates or receptor binding 

sites (68).  When compared with native CocE without PEG protection, Figure 9 showed 

that the PEG-CocE conjugates were obviously more stable against thermal denaturation.  

This could be related to a mechanism reported by other investigators, which suggested 

that PEGylation could induce a blocking of the intermolecular interactions that were 

involved in thermal instabilities (69, 70).  More importantly, PEG-CocE conjugates 

exhibited a much stronger resistance to protease digestion than native CocE, as 

statistically significant difference was observed in the trypsin digestion kinetic profiles 

Figure 10.  This finding was somewhat anticipated, as it was demonstrated previously 

that branched PEG could provide an “umbrella-like” structure, yielding a protection 

against the approaching and attack by circulating proteases or cells (71, 72).  Ample 

examples of PEG-mediated protection against protease digestion have been reported in 

the literature, including PEGylated interferon-α, tumor necrosis factor, epidermal growth 

factor, etc (67, 68, 73). 
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2.3.3 Reduction of immunogenicity by PEGylated CocE 

ELISA was conducted to evaluate whether PEGylation could shield the recognition 

of CocE by specific anti-CocE antibodies.  Figure 11 showed that statistically significant 

differences in fluorescence intensity between unprotected CocE and PEGylated CocE 

were observed (2-Way ANOVA, p<0.01) over the entire concentration range tested, 

indicated a decrease in antibody recognition of the PEG-protected CocE.  The reduction 

of 70.4% in antibody recognition is seen with PEG-CocE from the highest concentration 

when compared with the same concentration of native CocE.  Apparently, this reduction 

in immunoreactivity was attributed to the steric hindrance yielded by the long and 

branched PEG chains that blocked the interaction between CocE and its specific 

antibodies; consistent with findings by other investigators on other PEGylated proteins 

(68).  Also in agreement with literature reports, both the chain length and molecular size 

of PEG would yield different effects on the protection (23, 74).  While the branched, 40-

kDa PEG was able to reduce the immunogenicity of CocE, early attempt on the use of the 

5-kDa straight chain PEG failed to yield a shielding effect on CocE against anti-CocE 

recognition (data were not shown); similar to the findings by Caliceti and Veronese (23) 

on PEGylated urinase, in which branched 10-kDa PEG was found to be far more 

effective than linear 5-kDa PEG in dodging antibody detection.  It should be noted that 

because of the presence of a certain degree (~6%) of unreacted CocE impurity in the 

obtained PEG-CocE preparation (see above), the observed ELISA results actually 

represented the minimal degree of PEG-induced protective effects. 
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before intraperitoneal injection of 100 mg/kg lethal dose of cocaine, all (100%) animals 

died within a short period of less than 15 min.  In sharp contrast, when mice were given 

0.3 mg of either CocE or PEG-CocE 1 min before i.p. injection of cocaine at a dose 3 

times higher than the lethal dose (i.e. 320 mg/kg), all animals were rescued from cocaine-

induced lethality.  As displayed in Figure 12, a dose of merely 0.3 mg of CocE or PEG-

CocE before cocaine insult already produced a 10-fold shift in the cocaine dose-

dependent toxicity profiles.  Further increase of the lethal cocaine dose reversed the 

protective effect by CocE or PEG-CocE in a dose-dependent manner.  Indeed, a dose of 

1000 mg/kg i.p. cocaine was needed to surmount the protective effect of CocE.  It should 

be pointed out that at an identical dose of 0.3 mg, PEG-CocE exhibited the same potency 

as native CocE in hydrolyzing cocaine, despite it only consisted of 50% of CocE base on 

calculation of the protein mass in the PEG-CocE conjugates.  This was speculated to 

attribute to the improved circulating half-life of PEG-CocE due to the steric protection by 

PEG against proteolytic degradation, although further pharmacokinetic investigation 

deemed necessary to validate this hypothesis.  Nonetheless, this finding corroborated well 

with several published reports on PEGylated proteins (61, 76-80).  For instance, 

PEGylated α-interferon Pegasys®, which retained only 7% of the antiviral activity of the 

original protein, still displayed a greatly improved in vivo efficacy compared with the 

unmodified enzyme, primarily due to a markedly improved pharmacokinetic behavior 

(61).  In addition, the in vitro ribosome-inactivating activity of PEGylated trichosanthin 

mutants (PEG20K-Q219C) was found to decrease more than 10-fold yet the in vivo  

activity was increased by 3-fold over the unprotected protein (76).  Furthermore, in vitro 

biological activity of PEGylated growth hormone decreased with increasing the number 

of attached PEG chains, yet the half-life and in vivo potency was reported to increase 

accordingly (77).  Extensive investigations of the optimal conditions for CocE 

PEGylation, in vivo efficacy against cocaine toxicity, as well as pharmacokinetics, 

biodistribution, and clearance of the PEG-CocE conjugates are currently in progress in 

our laboratory. 
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CHAPTER	3	

Development	of	Cell	Permeable	CocE	

 

 

A cell permeable form of CocE was proposed by attaching CPP to CocE in Chapter 

1.  Therefore, the aim for this chapter is to develop CPP-attached CocE (CPP-CocE) 

variants and systemically compare their in vitro properties.  CPP and CocE are designed 

to be linked via covalent bonding, which can be created by either chemical conjugation or 

biological recombination approach.  In chemical conjugation approach, CPP is linked to 

CocE via a disulfide bond.  In biological recombination approach, CPP and CocE are 

expressed as “CPP-CocE fusion proteins”, in which CPP groups are expressed in tandem 

at the beginning or the end of CocE sequence.  A systemic comparison of these CPP-

CocE variants is also performed, including the examination of their absolute yield per 

batch, recovery percentage, enzyme specific activities, and in vitro stability at 37 °C.  

 

Six CPP-CocE variants were successfully created by employing two model CPPs, 

Tat and Low Molecular Weight Protamine (LMWP).  Two types of disulfide-bridged 

chemical conjugates, Tat-S-S-CocE and LMWP-S-S-CocE, were purified by heparin 

affinity chromatography.  Four recombinant CPP-CocE fusion proteins, Tat-N-CocE, 

LMWP-N-CocE, CocE-C-Tat, and CocE-C-LMWP, were expressed and purified in E. 

coli as soluble proteins.  These six CPP-CocE variants contain one CPP group on the 

surface on each CocE molecule.  Among all of the CPP-CocE constructs, LMWP-S-S-

CocE showed the highest cocaine-hydrolyzing activity, and CocE-C-Tat had the largest 

production yield.  Interestingly, Tat-N-CocE possessed the longest in vitro half-life 

compared with any CocE variants reported previously.  Based on the overall results, 

either Tat-N-CocE or CocE-C-Tat seemed to be the most preferable CPP-CocE variants, 
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but a cellular uptake study is needed to ensure the cell penetrating activity of all six CPP-

DMCocE variants.  This uptake study will be discussed in Chapter 4. 

 
 

3.1 Introduction 

 In this dissertation, two model CPPs are employed for the development of CPP-

attached CocE variants (CPP-CocEs), which can cross the cell membrane and be 

encapsulated inside the cells.  One model CPP utilized in this dissertation is Tat, the first 

discovered (81) and most widely studied CPP (82).  It was derived from the cell-

permeable HIV transcriptional transactivator, and has the sequence YGRKKRRQRRR 

(81, 83).  Tat-mediated intracellular delivery, which has been proved in many cell types, 

is more efficient than other non-CPP-mediated intracellular delivery (84) and does not 

cause cell membrane damage (85).  Moreover, after the first proof of concept provided by 

Dowdy’s group in 1999 (86), this Tat-mediated delivery has been applied in vivo to the 

treatment of various diseases.  Currently, several clinical trials are underway to assess the 

potential of the Tat-mediated delivery for systemic administration of several therapeutic 

macromolecules, including a protein kinase C inhibitor (87) and siRNA (41).  

 

Another CPP applied in this dissertation is low molecular weight protamine 

(LWMP).  LMWP is a CPP discovered in our laboratory from enzymatic digestion of 

protamine (88), and has sequence VSRRRRRRGGRRRR.  Because of the structural 

similarity to Tat (cationic, arginine-rich, and in the length of 10-15 amino acids), it is 

rational to assume that LMWP also possesses similar cellular uptake behavior.  In 2003, 

Park et al. showed that LMWP had cellular penetrating activity and kinetics comparable 

to those of Tat (89).  In vitro studies later demonstrated that LMWP was also able to 

transfer its attached proteins, genes, or other cargo molecules into various types of cells 

(30, 89, 90).  Similar to Tat, this LMWP-mediated cellular uptake did not cause any 

perturbation or damage to the cell membrane (91).  In the animal models, LMWP-

mediated delivery has also been applied successfully in the treatment of solid tumors, 

acute lymphoblastic leukemia, and hypoxic-angiogenesis (33, 55, 92).   
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In addition to its cell penetrating ability, LMWP offers several exclusive advantages 

over Tat and other CPPs.  Tat and other CPPs can only be chemically synthesized, which 

can be inefficient and expensive especially for a large-scale production.  However, 

enzymatic digestion of protamine allows LMWP to be directly manufactured in mass 

quantities, in limited time, and at low cost.  The process of LMWP preparation and 

purification has been fully characterized (93).  A further advantage is that LMWP is 

derived from protamine, which is a FDA-approved clinical drug.  Thus, LMWP is also 

supposed to be safe for humans.  This proposition has been supported by the in vivo 

toxicity profile of LMWP, which demonstrated no acute toxicity and immunogenicity 

(94).  

 
In this dissertation, CPP and CocE are linked via covalent bonding, which can be 

created by either chemical conjugation or biological recombination approach.  In 

chemical conjugation approach, CPP and CocE are linked via a disulfide bond, which is 

mediated by a bifunctional cross-linker N-succinimidyl 3-(2-pyridyldithio)-propionate 

(SPDP).  In biological recombination approach, the genes of the CPP and CocE are 

cloned and expressed in tandem.  The product is a “CPP-CocE fusion protein”, a single 

protein with the CPP sequence fused at the beginning or the end of CocE sequence.  CPP-

CocE fusion proteins are expressed as histidine-tagged proteins in E. coli, and purified by 

Talon™ metal affinity chromatography and Q-Sepharose anion-exchange 

chromatography.  A systemic comparison of the CPP-CocE variants is also performed, 

including the examination of their absolute yield per batch, recovery percentage, and 

enzyme specific activities.  Due to its importance for the following in vivo application, 

the in vitro stability of CPP-CocE at 37 °C is also tested, and their half-lives at 37 °C will 

be used as an indicator for accessing thermal stability.  

 

 

3.2 Materials and Methods 

3.2.1 Materials 

pET22b(+)-CocE-T172R/G173Q plasmid was kindly provided by Dr. Roger 

Sunahara (Department of Pharmacology, University of Michigan).  This plasmid is a 
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bacterial expression vector derived from Novagen® pET-22b(+) (Merck KGaA, 

Darmstadt, Germany), and leads to an over expression of the CocE double mutant CocE-

T172R/G173Q (DMCocE) with an additional exogenous 6-histidine tag (LEHHHHHH) 

at its C-terminus.  Tat peptide (H2N-YGRKKRRQRRR-COOH) was synthesized with 

approximately 98% purity by GenWay Biotech Inc. (San Diego, CA).  LMWP was 

produced based on previously described procedures (93).  SPDP and E. coli  BL21 Star™ 

(DE3) competent cells were purchased from Invitrogen (Carlsbad, CA).  Carbenicillin, 

isopropyl-β-thiogalactopyranoside (IPTG), dithiothreitol (DTT), leupeptin, and soybean 

trypsin inhibitor were purchased from Sigma-Aldrich (St. Louis, MO).  DNA primers 

(purified by standard desalting or HPLC) used for sequencing and site-directed 

mutagenesis were synthesized by Integrated DNA Technologies Inc. (Coralville, IA).  

Phusion® site-directed mutagenesis kit and DNA restriction endonucleases (NdeI, NcoI, 

KpnI, BamHI, and DpnI) were purchase from New England Biolabs (Ipswich, MA).  E. 

coli DH5α competent cells and pEXP-5-NT/TOPO® TA Expression Kit were purchased 

from Invitrogen (Carlsbad, CA).  Cocaine hydrochloride was obtained from the National 

Institutes on Drug Abuse (Bethesda, MA).  A Bradford protein assay kit was purchased 

from Bio-Rad Laboratories (Hercules, CA).  Water was distilled and deionized (ddH2O).  

All other reagents were of analytical grade. 

 
 
3.2.2 Construction of CPP-Attached CocE Variants (CPP-CocEs) 

Chemical Conjugation 

Schematic procedures for conjugating CPP and CocE are shown in Figure 13.  First, 

CPP (Tat or LMWP) must be activated by SPDP (Figure 13, scheme a).  In this reaction, 

the disulfide spacer and 2-pyridyldithio group was introduced into CPP on the basis of 

the reaction between CPP’s primary amine and SPDP’s NHS ester.  The degree of 

completeness of CPP activation was measured by the addition of DTT or other reducing 

agent.  Reducing agents can release pyridine-2-thione (P2T) from the activated CPP 

(CPP-PDP) (Figure 13, scheme b), and the P2T concentration can be determined by 

measuring the absorbance at 343 nm.  After activation, the CPP-PDP was mixed with 

CocE.  The 2-pyridyldithio group of CPP-PDP reacted with the sulfhydryl group of CocE, 



 

r

s

E

w

T

c

I

c

w

b

l

h

u

resulting in 

scheme c). 

Figur
 

 

Expression 

DMCo

with modifi

T172R/G17

carbenicillin

IPTG.  Afte

centrifugatio

were frozen

 

The ha

buffer conta

lysozyme (

histidine-tag

using a Tal

the conjuga

re 13 Chemi

and Purific

cE was pro

ications.  E.

73Q plasmi

n at 37°C.  T

er incubating

on at 4000 

n at -80 °C o

arvested cel

aining 50 m

(0.5 mg/ml)

gged DMC

on™ resin 

ation of CPP

ical scheme

cation of DM

oduced acco

 coli  BL-2

id, and the

The express

g for 12 h at

x g and 37°

overnight. 

l pellets co

mM Tris-HC

) and Dnas

CocE was fi

column (Cl

33

P and CocE 

es to conjuga

MCocE 

ording to pr

1 (DE3) cel

en grown i

sion of DM

t 18 °C, the 

°C for 30 m

ontaining DM

Cl and 150 

se (8 µg/m

first enriche

lontech Lab

3 

by the disu

ate CPP and

rocedures de

lls were tran

in 4-liter L

CocE was i

BL21 Star™

min, and the 

MCocE we

mM NaCl 

ml) in the p

ed by Co2+

boratories In

ulfide spacer

d CocE by u

escribed pre

nsformed wi

LB medium

induced by t

™ (DE3) ce

cell pellets 

re resuspen

at pH 8.0, 

presence of 

metal affin

nc., Mounta

r of SPDP (F

utilizing SPD

eviously (2

ith pET22b(

m with 50 

the addition

ells were har

containing 

nded in a pu

and then l

f 1mM MgC

nity chrom

ain View CA

Figure 13, 

 

DP. 

1, 95) but 

(+)-CocE-

µg/ml of 

n of 1 mM 

rvested by 

DMCocE 

urification 

lysed with 

Cl2.  The 

matography 

A).  After 



34 
 

being washed with 5 mM imidazole DMCocE was eluted with 100 mM imidazole in the 

aforementioned purification buffer (pH 8.0).  The buffer fractions containing DMCocE 

were collected and then purified by Q-Sepharose anion-exchange chromatography using a 

Q-sepharose High Performance columm (GE Healthcare, Piscataway, NJ).  DMCocE was 

eluted from the Q-Sepharose column with an NaCl linear gradient (Buffer A: 20 mM 

HEPES, 2 mM MgCl2, 1 mM EDTA, 1 mM DTT, pH 7.4; Buffer B: 20 mM HEPES, 2 

mM MgCl2, 1 mM EDTA, 1 mM DTT, 1 M NaCl, pH 7.4).  The peak fraction contained 

DMCocE with the purity of ~ 99%, which was determined by the SDS-PAGE analysis 

(described later).  The fraction was then pooled and concentrated by using Amicon Ultra-

15 centrifugal filter devices (molecular weight cut-off: 30,000 Da) (Millpore, Billerica, 

MA), snap frozen in liquid nitrogen, and then stored at −80 °C prior to use.  All 

aforementioned procedures were carried out at 4 °C in presence of protease inhibitors (1 

µM leupeptin and 5 µg/ml soybean trypsin inhibitor). 

 

Activation of Tat and LMWP 

To activate Tat and LMWP, a five molar excess of SPDP was dissolved in dimethyl 

sulfoxide (DMSO), and was then added drop-wise to a Tat or LMWP solution (5 mg/ml) 

prepared in a 0.1 M phosphate buffer, pH 8.0.  The mixtures were reacted at room 

temperature for 2 hours with gently shaking.  SPDP-activated Tat and LWMP, namely 

Tat-PDP and LMWP-PDP, were purified by FPLC on a heparin affinity column (GE 

Healthcare, Piscataway NJ), and eluted with a NaCl linear gradient (Buffer A: 50 mM 

Tri-HCl, pH 7.4; Buffer B: 50 mM Tri-HCl, 2 M NaCl, pH 7.4).  Tat-PDP and LMWP-

PDP were collected and then concentrated by ultrafiltration (molecular weight cut-off: 

500 Da) (Spectrum Laboratories Inc., Rancho Dominguez, CA).  The concentrations of 

purified Tat-PDP and LMWP-PDP were determined by monitoring P2T generation upon 

addition of DTT, and then the purified products were stored at −20 °C prior to use. 

 

Preparation of LWMP-S-S-DMCocE and TAT-S-S-DMCocE chemical conjugates 

To fully restore its surface sulfhydryl groups, before undergoing chemical 

conjugation, DMCocE was treated with DTT (10 mM) at 4 °C for 2 hours.  The DTT in 

DMCocE solution was then removed by using Amicon Ultra-15 centrifugal filter devices 
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(molecular weight cut-off: 30,000 Da).  For chemical conjugation, a three molar excess of 

Tat-PDP or LMWP-PDP was added into the DMCocE solutions, incubated at 4 °C for 12 

hours, and then unreacted Tat-PDP/LMWP-PDP were removed by using Amicon Ultra-

15 centrifugal filter devices (molecular weight cut-off: 30,000 Da).  Tat-S-S-DMCocE 

and LMWP-S-S-DMCocE were then purified by heparin affinity chromatography; they 

were eluted from the heparin column with an NaCl linear gradient (Buffer A: 20 mM 

HEPES, 2 mM MgCl2, 1 mM EDTA, 1 mM DTT, pH 7.4; Buffer B: 20 mM HEPES, 2 

mM MgCl2, 1 mM EDTA, 1 mM DTT, 2 M NaCl, pH 7.4).  SDS-PAGE analysis was 

performed to determine the purity of Tat-S-S-DMCocE or LMWP-S-S-DMCocE in 

buffer fractions eluted from heparin columns.  The two isolated CPP-CocE chemical 

conjugates were concentrated by using Amicon Ultra-15 centrifugal filter devices, snap 

frozen in liquid nitrogen, and then stored at −80 °C prior to use. 

 

 

Biological Recombination 

The schematic structures of four recombinant CPP-CocE fusion proteins produced in 

this dissertation are shown in Figure 14. 
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Figure 14 Schematic designs for four recombinant CPP-CocE fusion proteins.  Double-
stranded (ds) DNA fragments with restriction sites at both termini are generated by a 
polymerase chain reaction (PCR) to facilitate the insertion of CPP sequences; see the 
following paragraph for detailed explanation. 

 

To construct the recombinant vectors expressing these four CPP-CocE fusion 

proteins, the DNA sequence encoding either Tat or LMWP needs to be inserted into 

either the N- or C-terminus of DMCocE.  However, compared with the size of the 

bacterial vector expressing CocE (~7.1 kbp), the size of Tat and LMWP DNA sequences 

are much smaller (~50 bp).  This significant difference in sizes between the CocE vector 

and the CPP sequences poses a challenge for DNA insertion.  Therefore, in this 

dissertation, a two-step “indirect” insertion is applied to construct the recombinant 

vectors expressing CPP-CocE fusion proteins.  The first step is to generate a double-

stranded DNA with 400-600 base pairs, which encode CPP and part of the N- or C-

terminal sequence of CocE (see Figure 14).  This can be achieved by a PCR using an 

appropriate primer pair and the CocE vector as the template.  Two restriction sites are 

also incorporated into the PCR product to facilitate the following DNA insertion.  After 

confirming the PCR is successful, the second step is to amplify the CPP-encoding PCR 

product in a TOPO® vector.  TOPO® vector is a linearized bacterial vector with 

H2N‐ ‐COOH

‐COOHH2N‐

H2N‐ ‐COOH

H2N‐ ‐COOH

Tat-N-
DMCocE

LMWP-N-
DMCocE

DMCocE
-C-Tat

DMCocE
-C-LMWP

TAT (YGRKKRRQRRR)
DMCocE  (574 amino acids)

6xHis Tag (HHHHHH)

LMWP (VSRRRRRRGGRRRR)dsDNA (with restriction 
sites at both  termini)
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topoisomerase I covalently bound to each 3´ end, causing it readily to ligate theoretically 

any double-stranded DNA sequences ending with adenine (A) and form a recombinant 

circular plasmid.  Therefore, the CPP-encoding PCR product can easily be cloned into a 

TOPO™ vector and amplified in a large amount.  Finally, the third step is to treat the 

CocE vector, as well as the recombinant TOPO® vector bearing the CPP insert, with 

selected restriction enzymes.  Restriction enzymes recognize a specific DNA sequence 

and cut the double-stranded DNA, generating an overhang “sticky” with complementary 

sequences.  After being treated with restriction enzymes, the digested CocE vector and 

CPP insert (cut from the recombinant TOPO™ vector) can be annealed and ligated 

together, and form a complete recombinant vector ready to express a CPP-CocE fusion 

protein in E. coli. 

 

Site-directed Mutagenesis 

Since there is no appropriate restriction site in the C-terminal region of DMCocE, a 

BamHI restriction site was introduced at the end of DMCocE’s C-terminal 6-histidine tag 

by Phusion® site-directed mutagenesis kit.  One DNA primer was used to introduce 

mutation (with mutated codon in lowercase and BamHI site underlined):  5’-CCACCAC 

CACCACTagGATCCGGCTGCTAACAAAGC-3’.  After the mutagenic PCR, the 

original pET22b(+)-CocE-T172R/G173Q plasmid was digested with the DNA restriction 

enzyme DpnI, which cuts only the DNA generated by bacteria (i.e. original plasmid), 

leaving the DNA generated from PCR (i.e. mutated plasmid) intact. Incorporation of 

mutations was confirmed by BamHI digestion and DNA sequencing (the DNA 

sequencing Core, University of Michigan).  The mutated pET22b(+)-CocE-

T172R/G173Q plasmid with one BamHI restriction site was then transformed into DH5α 

competent cells and amplified for the following DNA recombination.  

 

Construction of vectors for recombinant CPP-DMCocE expression 

The double-stranded DNA fragments encoding Tat or LMWP attached on either N-

terminus or C-terminus of DMCocE were generated by PCR using the mutated 

pET22b(+)-CocE-T172R/G173Q vector (see Site-directed Mutagenesis in this section) as 
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a template.  The DNA primers used for CPP-DMCocE constructions are listed below 

(with mutated codon in lowercase): 

Table 2 Primers used for the construction of recombinant CPP-DMCocE vectors. 
 
CPP-DMCocE 
Fusion Proteins 

Forward Primer Backward Primer 
  

Tat-N-DMCocE 
GAGATATACATATGtacggaagaaagaa
gagaaggcaaagaaggagaggaGTGGACGG
GAATTACAGTGTTGCC 

GAGAATTGCTGCGAGTTG 

LMWP-N-DMCocE 
ATACATATGgtatcaagaaggagaaggagaa
ggggaggtagaaggagaaggggaGTGGACG
GGAATTACAGTGTTGCC 

DMCocE-C-Tat 
AAGTAACCGGCACCGTCTCCGCC
CGGCTGTTCGTGTC 

AGCCGGATCCTAtctccttctttgccttctctt
ctttcttccgtatccGTGGTGGTGGTGGTG
GTGC 

DMCocE-C-LMWP 
AGCCGGATCCTAccttctccttctacctcccc
ttctccttctccttcttgatactccGTGGTGGTG
GTGGTGGTGC 

  

 

 

After being cloned into TOPO™ vectors by using the pEXP-5-NT/TOPO® TA 

Expression Kit, the four recombinant TOPO™ vectors containing the CPP-encoding PCR 

product were transformed into DH5α competent cells and were amplified.  Next, these 

four recombinant TOPO™ vectors, as well as the mutated pET22b(+)-CocE-

T172R/G173Q vector (with a BamHI restriction site), were digested with two DNA 

restriction enzyme pairs:  NdeI/NcoI (for generating Tat-N-DMCocE and LMWP-N-

DMCocE) and KpnI/BamHI (for generating DMCocE-C-Tat and LMWP-C-DMCocE).  

The digested PCR products were then ligated into the mutated pET22b(+)-CocE-

T172R/G173Q vector.  All four resulting recombinant vectors were sequenced in both 

directions over the entire coding region.  After their sequences were confirmed, these 

four recombinant vectors were transformed into E. coli BL-21 (DE3) cells for the 

expression of CPP-DMCocE fusion proteins. 

 

Expression and purification of TAT-DMCocEs and LMWP-DMCocEs 

The expression and purification scheme used for preparing DMCocE were also 

utilized to produce CPP-DMCocE fusion proteins (Tat-N-DMCocE, LMWP-N-DMCocE, 
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DMCocE-C-Tat, and DMCocE-C-LMWP).  Detailed procedures have been described 

previously in this section and therefore will not be repeated here. 

 

 

3.2.3 In vitro Characterization 

SDS-PAGE Analysis 

Buffer fractions eluted from a heparin affinity column (in chemical conjugates 

purification) and from Talon™ and Q-sepharose columns (in fusion proteins purification) 

were analyzed by SDS-PAGE to determine the product purity.  Gels were stained with 

coomassie blue, and the images were processed with ImageJ (National Institutes of 

Health, Bethesda, MD). 

 

Protein Assay 

For all chemical/biological CPP-CocE variants, the protein concentration was 

determined by a Bradford protein assay after each purification step and immediately 

before the cocaine hydrolyzing activity study.  Bovine serum albumin (BSA) was used as 

a standard because its molecular weight is similar to that of CocE (~65 kDa).  Each 

protein sample was done in triplicate with at least three independent dilutions (n ≥ 3). 

 

Cocaine Hydrolyzing Activity Assay 

Cocaine hydrolysis was measured by a modification of the real-time 

spectrophotometric assay originally developed by Larsen et al. (12).  Cocaine 

hydrolyzing reaction was performed in a UV-transparent 96-well microplate, and 

initiated by adding 100 µl of CPP-CocE solutions to 100 µl cocaine solutions.  The final 

concentration of CPP-CocE solutions was 50 ng/ml.  Final cocaine concentrations were 1, 

2.5, 5, 10, 25, 50, 100, and 250 µM.  CPP-CocE and cocaine solutions were prepared in 

phosphate-buffered saline (PBS) at pH 7.4 (137 mM NaCl, 2.7 mM KCl, 10 mM sodium 

phosphate dibasic, and 2 mM potassium phosphate monobasic, pH of 7.4).  The initial 

rate of cocaine hydrolysis was determined by monitoring the change in absorbance at 240 

nm, where the difference in molar absorptivity between cocaine and its metabolites 

(ecgonine methyl ester and benzoic acid) was 6,700 M-1 cm-1 (96).  Absorbance at 240 
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nm was modified at 15-second time points over 30 min by using a PowerWave XS 

microplate spectrophotometer (Biotek Instruments, Inc., Winooski, VT).  All experiments 

were done in triplicate.   

   

In vitro Stability at 37 °C 

The in vitro thermal stability of different CPP-CocE fusion proteins was monitored 

by measuring the change in the cocaine hydrolysis rate.  CPP-CocE fusion proteins (100 

ng/ml) in PBS (pH 7.4) were incubated at 37 °C, and aliquots were taken at different time 

points (0.5, 1, 2, 3, 4, 6, 8, 10, and 12 hours).  The remaining cocaine-hydrolyzing 

activity of the aliquots was assayed as described previously.  All experiments were done 

in triplicate with at least three independent measurements (n ≥ 3).   

 

Data Analysis 

Data analysis and curve-fitting were conducted by using Prism 5 (GraphPad 

Software, San Diego CA).  For the cocaine hydrolyzing activity assay, the Michaelis-

Menten equation was used in curve fitting: 

 

∙ ∙
	 	(1)	

 

Cocaine concentration ( ) and the initial cocaine-hydrolysis rate ( ) was fitted to 

this equation with kcat and KM as adjustable parameters.  kcat refers to the turnover rate, 

which is the number of times each enzyme site converts the substrate to product per unit 

time.  KM is the Michaelis-Menten constant, representing the substrate concentration 

needed to achieve a half-maximum enzyme velocity.  Et is the concentration of enzymatic 

catalytic sites.  For enzymes with one catalytic site per molecule (e.g. CocE, all 

chemical/biological variants of CPP-CocE), Et equals the enzyme concentration.  

 

In the results of the cocaine hydrolyzing activity assay, the values of kcat and KM 

were represented as means ± S.D.  Enzyme specific activity and maximal velocity (Vmax), 

another two major parameters for evaluating enzyme activity, were converted from kcat:  
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Specific activity (the activity of an enzyme per milligram of total protein, 

usually expressed in μmol·min-1·mg-1, i.e. U/mg)  

	 	
	 	

  (2) 

 

 (3) 

 

The ratio of  cat

M
  was also calculated as an index of cocaine-hydrolyzing efficiency.  

In the comparison of enzymes sharing the same substrate and catalytic mechanism (e.g. 

CocE, and all chemical/genetic variants of CPP-CocE), a higher cat

M
 represents an 

increasing kcat (a higher catalytic power) or a decreasing KM (a higher affinity of the 

enzyme towards the substrate).  These two criteria lead to a better enzyme efficiency (97). 

 
For the analysis of in vitro stability at 37 °C, the apparent kcat (kcat, app) and KM (KM, 

app) of each incubated aliquot was determined by the Michaelis-Menten equations 

described in the previous paragraph.  The ratio of ,

,
, which reflects the apparent 

cocaine-hydrolyzing “effectiveness” of each incubated aliquot, was evaluated as a 

percentage of the  value of the non-incubated CPP-CocE fusion proteins. Many 

chemical and biological reactions follow a single-phase exponential decay in which 

reaction properties (e.g. amount, concentration) decrease at a rate proportional to its value.  

Therefore, the single-phase exponential decay was selected for fitting the in vitro enzyme 

efficiency decay with incubation time: 

 

∙ 	 	  (4)	
 

Incubation time ( ) and the remaining cocaine-hydrolyzing efficiency ( ) were fitted 

to this equation with  and plateau as adjustable parameters.  In this equation,  is the 

rate constant, and the plateau is the  value at infinite time.   is the  value when  is 

zero, and set to 100 in this in vitro stability study.  Another two kinetic parameters 

derived from the rate constant, half-life (t1/2) and mean residence time (MRT), can be 

utilized to assess the rates of activity decay more intuitively.  Specifically, t1/2 is the time 
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it needs for an activity to decrease by half, and it is computed as .  MRT is the average 

duration that a CPP-CocE variant molecule remains active, and is computed as . 

 

 

3.3 Results and Discussion 

3.3.1 Construction of CPP-Attached CocE Variants (CPP-CocEs) 

Production and Purification of CPP-CocE Chemical Conjugates 

Theoretically, two types of functional groups in CocE can be used in the chemical 

conjugation for attaching CPP:  (1) primary amines at the N-terminus and lysine residues, 

and (2) sulfhydryl groups at cysteine residues.   According to information published in 

the literature, CocE (and DMCocE) has nine primary amine groups and four sulfhydryl 

groups (12, 98).  Since modification on the primary amine groups of DMCocE would 

lead a loss of its enzymatic activity (98), the chemical conjugation scheme utilizing the 

sulfhydryl groups of DMCocE was selected in this dissertation. 

 

Two disulfide-bridged chemical conjugates, Tat-S-S-DMCocE and LMWP-S-S-

DMCocE, were synthesized by using a heterobifunctional cross-linker SPDP.  The 

elution profile (Figure 15) indicated that both of these two chemical CPP-CocE 

conjugates could be purified by heparin affinity chromatography.  In absence of the CPP 

group, the unreacted DMCocE displayed no binding affinity to the heparin column, and 

eluted before the salt gradient started.  In contrast, Tat-S-S-DMCocE and LWMP-S-S-

DMCocE bound to the heparin column and eluted at ~0.8 M or higher concentrations of 

NaCl, suggesting that these two CPP-CocE chemical conjugates bind strongly to the 

heparin column. 
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S-S-DMCocE was formed during the chemical conjugation reaction between Tat-PDP 

and DMCocE, and the ratio of unreacted DMCocE in this conjugation reaction was 

shown to be higher than that in the LMWP-S-S-DMCocE conjugation reaction.  One 

possible explanation would be that, according to their amino acid composition, Tat has a 

lower isoelectric point (pI) value (12.7) than LMWP (13.5).  At pH 7.4, Tat is 

presumably less positively-charged comparing to LMWP, and therefore would present a 

weaker electrostatic attraction with the negatively-charged CocE (pI ~4.7).  Since the 

electrostatic attraction between CPP and CocE could facilitate the chemical conjugation 

afterwards, the weaker interaction between Tat and CocE might explain the lower 

efficiency of the TAT-S-S-DMCocE conjugation, which generated fewer variant and a 

higher ratio of unreacted DMCocE, compared to that of the LMWP-S-S-DMCocE 

conjugation. 

 

Table 3 shows the production and purification of CPP-DMCocE chemical conjugates.  

The amount of chemical conjugate produced from 16 mg DMCocE is 3.9 mg in LMWP-

S-S-DMCocE, and 1.05 mg in Tat-S-S-DMCocE.  For LMWP-S-S-DMCocE, that 

amount equals 18.5% of yield in activity.  The yield in activity of Tat-S-S-DMCocE was 

not determined as the amount was insufficient for cocaine-hydrolyzing activity assay. 

Table 3 Purification of CPP-DMCocE chemical conjugates.  For LMWP-S-S-DMCocE, 
#1-#3 refers to the three forms isolated by a heparin affinity column (see Figure 15). 
 

  
Total 

Protein 
Specific 
Activity 

Total 
Activity 

Yield 

    (mg) (U/mg) (U) (%) 

DMCocE 
(Reactant)  

15.83 41.40 655.36 100 

            

Tat-S-S-
DMCocE  

1.05 Not Determined 

LMWP-S-S-
DMCocE 

#1 1.13 36.74 41.44 
18.5 #2 2.10 28.05 58.78 

#3 0.67 30.95 20.74 
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These two CPP-DMCocE chemical conjugates created in this dissertation have a 

major advantage owing to their disulfide linkage.  Since disulfide bond is cleavable under 

a mild reductive condition, once the disulfide-bridged CPP-DMCocE conjugates enter the 

reductive intracellular environment, the linkage between the CPP and its coupled 

DMCocE molecule will be rapidly cleaved, resulting in the release of DMCocE.  This 

“detachable” behavior of CPP can minimize any potential interference from CPP, and 

therefore maintain the enzymatic activity of DMCocE.  More importantly, without the 

coupled CPP group, CocE itself is not cell permeable and will be permanently entrapped 

inside the cells.  Thus, the CPP detachment can prevent the backward translocation of 

DMCocE from the cytoplasm to the extracellular environment, and guarantee the 

effectiveness of cell encapsulation. 

 

Despite the advantage of detachable CPPs, however, this disulfide-bridged CPP-

DMCocE conjugates have two major limitations.  First, since activated CPP can 

randomly attach any one of the three surface sulfhydryl groups, this causes differences in 

the CPP locations and numbers on each CPP-DMCocE conjugates.  Apparently, 

according to the elution profile from a heparin affinity column (Figure 15), three forms of 

LWMP-S-S-DMCocE with different numbers and/or locations of LMWP were generated 

in this chemical conjugation.  Second, because not all of the reactants (CPP and DMCocE) 

could be converted to the desired products (CPP-DMCocE conjugates), an additional 

purification process afterwards was required to separate CPP-CocE conjugates from 

unreacted CPP/CocE. These aforementioned limitations would not apply only to the 

disulfide-bridged CPP-CocE conjugates in this dissertation, but also potentially to all 

CPP-DMCocE products derived from chemical conjugation strategy.  In contrast, CPP-

DMCocE products created in a genetic recombination strategy, which are discussed in 

next section, did not have these limitations. 
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Production and Purification of CPP-CocE Fusion Proteins 

Four recombinant vectors derived from pET22b(+)-CocE-T172R/G173Q were 

developed for expression and purification of four CPP-CocE fusion proteins in E. coli.  

pTat-N-DMCocE (Figure 13, a) and pLMWP-N-DMCocE (Figure 13, b) contained the 

Tat or LMWP sequence on the N-terminus of DMCocE.  In contrast, pDMCocE-C-Tat 

(Figure 13, c) and pDMCocE-C-LMWP (Figure 13, d) included the Tat or LMWP 

sequence on the C-terminus (after the exogenous 6-histidine tag) of DMCocE.  An 

additional glycine (Gly) residue was inserted between CPP and DMCocE (for pTat-N-

DMCocE and pLWMP-N-DMCocE) or the C-terminal 6-histidine tag (for pDMCocE-C-

Tat and pDMCocE-C-LMWP) as a spacer facilitating a free bond rotation of CPP groups. 

 

 

Figure 16 Schematic maps of DNA sequences in the N-terminal (a, b) or C-terminal (c, d) 
expression regions of recombinant vectors of four CPP-CocE fusion proteins.  Except 
BamHI sites, all other restriction sites (NdeI, XhoI) are from the parental plasmid 
pET22b(+)-CocE-T172R/G173Q. 

(a) pTat-N-DMCocE

(b) pLMWP-N-DMCocE

(c) pDMCocE-C-Tat

(d) pDMCocE-C-LMWP
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Contaminants in the crude extract of the four CPP-CocE fusion proteins from a 

Talon™ column could be further separated by Q-Sepharose anion-exchange 

chromatography.  After Q-sepharose purification, the purity of CocE was at least 99%, 

which was determined by the image analysis of SDS-PAGE results.   

 

The recovery of four CPP-DMCocE fusion proteins in each purification step is 

shown in Table 4.  Similar to the expression of DMCocE in E. coli (data not shown), 

approximately 700 mg of total soluble protein was produced from the cultures expressing 

CPP-CocE fusion proteins.  Since it is known that DMCocE is non-toxic to E. coli, this 

result suggests that CPP-CocE fusion proteins are also not toxic or harmful to E. coli, 

because the expression of these fusion proteins did not decrease the production of the 

total soluble bacterial proteins.  The CPP-CocE fusion protein produced in the highest 

mass quantity (mg) is DMCocE-C-Tat (73 mg), followed by Tat-N-DMCocE (33 mg), 

DMCocE-C-LMWP (10 mg), then LMWP-N-DMCocE (7 mg).  The amount of CPP-

CocE fusion proteins accounts for 1-10% of the total soluble proteins in E. coli.   

Table 4 Purification of recombinant CPP-CocE fusion proteins from the culture 
supernatant of E. coli. 

 

 

Total Protein Total Activity Specific Activity Yield

(mg) (U) (U/mg) %

Cell Lysate Supernatant 720.6 1421.3 2.0 100

Co-Sepharose CL (Talon) 34.8 1006.1 28.9 70.8

Q-Sepharose HP 32.7 985.9 30.1 69.4

Cell Lysate Supernatant 758.7 286.3 0.4 100

Co-Sepharose CL (Talon) 8.0 239.4 29.9 83.6

Q-Sepharose HP 7.3 231.9 31.8 81.0

Cell Lysate Supernatant 727.9 3494.5 4.8 100

Co-Sepharose CL (Talon) 75.8 2398.9 31.6 68.6

Q-Sepharose HP 73.3 2379.4 32.5 68.1

Cell Lysate Supernatant 704.1 371.5 0.5 100

Co-Sepharose CL (Talon) 10.6 300.4 28.3 80.9

Q-Sepharose HP 10.3 299.3 29.0 80.6

DMCocE-C-LMWP

Fraction
CPP-CocE Fusion 

Proteins

Tat-N-DMCocE

LMWP-N-DMcocE

DMCocE-C-Tat
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The first purification step, Co2+ metal affinity chromatography, successfully enriched 

the CPP-CocE fusion proteins in the cell lysate supernatant.  From the initial cell lysate 

supernatant to the Talon™ column eluate, the specific activity of cocaine hydrolysis 

increased from < 5 to approximately 30 U/mg, indicating an at least six-fold increase.  

However, a major protein loss also happened in the Co2+ metal affinity chromatography.    

For LMWP-N-DMCocE and DMCocE-C-LMWP, the yields from the cell lysate 

supernatant were 83.6 % and 80.9 %, representing approximately a 20 % loss of the 

initial activity of LMWP-CocE fusion proteins.  Since no LMWP-CocE fusion proteins 

eluted in the wash buffers from the Talon™ column (see Figure 17), the protein lost at 

the Co2+ metal affinity chromatography was assumed to elute in the beginning flow-

through buffer.  For Tat-N-DMCocE and DMCocE-C-Tat, the yields from the cell lysate 

supernatant were 70.8 % and 68.6 %.  These were lower than the yield of LMWP-N-

DMCocE and DMCocE-C-LMWP, indicating approximately 30% loss of the initial 

activity of Tat-CocE fusion proteins in this purification step.  For these two Tat-CocE 

fusion proteins, in addition to the eluted fraction in flow-through buffers, the protein loss 

could be also attributed to the wash-out from the wash buffer, based on the observation in 

the SDS-PAGE analysis (see Figure 17). 

 

The second purification step carried out by Q-Sepharose anion-exchange 

chromatography was applied to separate the impurities co-eluting with the CPP-CocE 

fusion proteins.  According to Table 4, the recovery from the Talon™ column eluate to 

the Q-sepharose chromatography was at least 97%, and the specific enzyme activity was 

further increased 2-5%.  After the Q-sepharose purification step, CPP-CocEs was at least 

99% (determined by SDS-PAGE analysis).  More importantly, after the Q-Sepharose 

anion-exchange purification step, all of the four CPP-DMCocE fusion proteins showed a 

specific activity around 30 U/mg.  This consistent specific activity among the four fusion 

proteins implicated that the purification scheme works consistently.  Moreover, the 

percentage yield after purification was supposed to higher because of the higher initial 

mass quantity, which is independent with purification process.   
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Lastly, according to the yields in mass quantity of all four CPP-CocE fusion proteins, 

these proteins showed a significantly lower production yield (7-73 mg) compared with 

native DMCocE (~350 mg, data not shown).  More interestingly, the C-terminal, Tat-

attached CPP-DMCocE variants showed higher production yield compared with the N-

terminal, LMWP-attached variants.  As discussed in last paragraph, the amount of total 

soluble protein remained constant from the cultures expressing either DMCocE or CPP-

DMCocE fusion proteins.  Thus, it is unlikely that the CPP-DMCocE fusion proteins are 

toxic or harmful to E. coli and decrease the overall protein expression.  The most possible 

explanation for the different expression levels among DMCocE and CPP-DMCocEs 

could be the codon usage bias in E. coli.  Both Tat and LMWP are composed of a cluster 

of arginine and lysine, which are encoded in the rare codons in E. coli and translated 

much slower than other amino acids (99-101).  Thus, incorporation of Tat or LMWP 

could hamper the overall expression of CPP-CocE fusion proteins, leading to a lower 

production yield of the CPP-DMCocE fusion proteins (99).  The CPP interference could 

be even more pronounced when these arginine/lysine-rich sequences are inserted at the 

N-terminus (102), where the protein translation starts.  

 

Generally speaking, the biological recombination strategy provides a better control 

of the CPP numbers and locations on a CPP-DMCocE fusion protein, as its primary 

structure is exactly encoded in its DNA sequence.  Despite this advantage, however, a 

major limitation of CPP-DMCocE fusion proteins must be addressed.  CPP sequence can 

only be expressed in tandem, i.e., at the beginning (N-terminus) and the end (C-terminus) 

of the DMCocE sequence.  According to its three-dimensional structure (see Figure 1), 

the two termini of DMCocE are exposed outside the surface and away from the enzyme 

catalytic center.  Therefore, for all CPP-DMCocE fusion proteins created in this 

dissertation, the incorporated CPP groups are supposed to neither be buried inside, which 

could lead to reduced or no cellular uptake, nor to destroy CocE’s enzymatic activity.  

This proposition has been supported by the elution profile from a heparin affinity column 

(Figure 18) and the enzyme kinetics (Table 5), which will be discussed in detail later.  On 

the other hand, the best cell host and conditions for expressing most CPP fusion proteins 

can only be determined empirically.  If a CPP fusion protein is expressed with a low yield 
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or in an inactive/insoluble form, it is necessary to modify the expression conditions or 

transfer the CPP fusion gene to another expression cell host.  Fortunately, E. coli 

expression system established for CocE and its thermally stable variants (12, 21) is also 

applicable to generate CPP-CocE fusion proteins in a soluble form.   

 

 

3.3.2 In vitro Characterization of CPP-CocEs 

Binding Affinity to a Heparin Column 

Tat-S-S-DMCocE and LMWP-S-S-DMCocE, two chemical CPP-CocE conjugates, 

have shown a strong binding affinity to a heparin column previously (see Figure 15), and 

thus the results are not repeated here.  As for Tat-N-DMCocE and DMCocE-C-Tat, the 

elution chromatogram (Figure 18) indicated that these two Tat-CocE fusion proteins were 

also able to bind a heparin affinity column, and did not elute until at approximately 1 M 

NaCl.  These results suggest that the Tat attaching to either N- or C- terminus of 

DMCocE is not buried inside the enzyme, and therefore it can bind strongly to the 

heparin column.  Unlike Tat-DMCocE fusion proteins, native DMCocE showed no 

binding affinity to the heparin column and eluted before the salt gradient.  In summary, 

the binding affinity of CPP-DMCocE fusion proteins to a heparin column indicates that 

the CPP groups are exposed on the enzyme surface, which is favorable for the interaction 

with the negatively charged extracellular proteins and facilitates cellular uptake. 
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Figure 18 Chromatograms of Tat-N-DMCocE (red line) and DMCocE-C-Tat (orange line) 
in a heparin column.  NaCl concentration applied in elution is shown in dashed line.  Tat-
N-DMCocE eluted at 0.9 M NaCl, whereas DMCocE-C-Tat eluted at 1.2 M NaCl.  As a 
reference, DMCocE (dashed blue line) eluted at the beginning without NaCl. 

 

 

Cocaine Hydrolyzing Activity 

The specific cocaine hydrolyzing activity of the disulfide-bridged LMWP-S-S-

DMCocE chemical conjugate, as well as the four CPP-DMCocE fusion proteins, is 

shown in Table 5.  The three types of LMWP-S-S-DMCocE chemical conjugates have 

cocaine-hydrolyzing efficiency slightly lower to that of native DMCocE.  In contrast, 

compared with native DMCocE, the four fusion proteins show a ~50% reduction of 

cocaine-hydrolyzing efficiency.  The reduction of cocaine-hydrolyzing activity in the 

CPP-DMCocE fusion proteins results from their slightly lower kcat, and significantly 

higher KM (ranging from 30% to 70% of increase) compared with native DMCocE.  

Among these fusion proteins, Tat-N-DMCocE has the lowest KM, and therefore possesses 

the highest affinity towards cocaine as well as the highest cocaine-hydrolyzing efficiency 

( ).   
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To sum up, although attaching Tat or LMWP on DMCocE does not abolish the 

enzyme activity, this attachment still reduce the binding affinity (i.e. increase the KM 

value) of CocE to its substrate cocaine.  The reduction in substrate binding affinity of 

CPP-attached DMCocE variants could be attributed to the electrostatic interaction 

between cocaine and Tat/LMWP at a physiological pH.  At pH 7.4, both cocaine and 

Tat/LMWP are positively charged, thus the presence of Tat or LMWP could have a 

repulsive interaction with cocaine and interfere the initial collision between cocaine 

molecule and the CocE catalytic center.  Moreover, compared with native DMCocE, all 

LMWP-S-S-DMCocE chemical conjugates displayed less reduction in the enzymatic 

activity than that of CPP-DMCocE fusion proteins, including the two LMWP-DMCocE 

variants.  Since the sulfhydryl groups potential for LMWP conjugation are known to be 

away from CocE’s catalytic center (13, 98), it suggests that the location might be more 

influential than the number or type of the attached CPP groups on CocE functionality. 
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Table 5 Kinetic parameters of CPP-CocE variants for cocaine hydrolysis. 

 

kcat,app/KM,app

(min
-1

µM
-1

) (min
-1

µM
-1

)

2691 ±77 28.76 ±2.6 93.6

#1 2388 ±216 32.84 ±8.9 72.7
#2 1823 ±56 23.44 ±2.4 77.8
#3 2012 ±79 25.42 ±3.2 79.2

1957 ±38 39.59 ±2.2 49.4 1972 ±71 69.84 ±6.2 28.2
2065 ±32 49.04 ±2.0 42.1 651 ±59 159.20 ±27.5 4.1
2110 ±45 44.79 ±2.5 47.1 707 ±81 114.20 ±27.8 6.2
1887 ±41 41.47 ±2.1 45.5 1043 ±273 518 ±186.5 2.0

kcat KM kcat/KM

(min
-1

) (µM)

Not Determined

KM,app

(µM)

37 °C, 12 hour

kcat,app

(min
-1

)

CocE Variants

Tat-N-DMCocE
LMWP-N-DMCocE

DMCocE-C-Tat
DMCocE-C-LMWP

LMWP-S-S-DMCocE

CPP-CocE 
Fusion 

Proteins

DMCocE
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In vitro Stability at 37 °C 

The in vitro stabilities at 37 °C of the four CPP-DMCocE fusion proteins were 

assessed by monitoring their apparent cocaine-hydrolyzing “effectiveness” cat,app

M,app
 over 

time (Figure 19, Table 6).  The attachment of CPP groups had different impacts on the 

stability of each CPP-CocE fusion protein.  Compared with native DMCocE, the two C-

terminal CPP-CocEs (Tat-C-DMCocE and LMWP-C-DMCocE) were less stable, 

whereas LMWP-N-DMCocE possessed a half-life and MRT similar to those of DMCocE.  

Interestingly, Tat-N-DMCocE showed a prolonged half-life and MRT; which was 1.3-

fold higher compared to those of DMCocE, and comparable to the most stable CocE 

variant known to date (22).  Based on an additional in vitro stability study with prolonged 

time points, Tat-N-DMCocE still possessed 52% of cocaine-hydrolyzing efficiency after 

incubation at 37 °C for 24 hours (data not shown). 

 

 

 

Figure 19 In vitro thermal stability of four CPP-CocE fusion proteins at 37 C°. 
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Table 6 In vitro stability kinetics of DMCocE and CPP-DMCocE fusion proteins. 
 

CocE Variants 
t1/2 MRT+ 

(hr) (hr) 

DMCocE 4.28* 6.17* 

Tat-N-DMCocE 5.76 ± 1.45 8.31 ± 2.09 

LMWP-N-
DMcocE 

4.83 ± 1.78 6.96 ± 2.57 

DMCocE-C-Tat 1.66 ± 0.39 2.39 ± 0.56 

DMCocE-C-
LMWP 

2.98 ± 0.57 4.29 ± 0.83 

*Data cited from Narasimhan et al. (95); no standard 
deviation available. 

 

According to the literature published recently (95), in the in vitro and non-reductive 

environment, CocE (and DMCocE) molecules undergo dimerization, which involves 

many residues in the N- and C-terminus of CocE.  This dimerization would not impact 

the enzymatic activity of CocE variants, but play an essential role for their in vitro 

stabilization.  Moreover, all mutations stabilizing the CocE dimerization have shown to 

significantly improve the CocE thermal stability (21, 22, 95).  Given that the CocE 

dimerization greatly involves the N- and C-terminal regions of CocE molecule, and it has 

a major influence on CocE’s stability, it is rational to assume that attaching CPP on the 

N-terminus of DMCocE could somehow enhance the dimerization, and therefore 

elongate the in vitro stability a 37 °C.  On the other hand, attaching CPP on the C-

terminus of DMCocE generates a large, positively charged region composed of 

Tat/LMWP group and the C-terminal 6-histidine tag.  This large and positively charged 

region could have a strong electrostatic attraction to the counter part of C-terminal CPP-

DMCocEs, which are negatively charged proteins at pH 7.4, and then lead to an 

accelerated aggregation.  Aggregation was known to be the major deactivation 

mechanism of CocE (95), and a common issue in many CPP fused, negatively charged 

proteins (103). 

Another interesting observation is that the efficiency decay curve of DMCocE-C-Tat 

did not completely follow the one-phase exponential decay during the 12-hour incubation 
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(data not shown); it showed a slower decrease after incubating for six hours.  This did not 

appear in the other three CPP-DMCocE fusion proteins, native CocE, or any known 

CocE variants published previously (13, 21, 22, 95).  Thus, it will be interesting to 

understand the detailed mechanism resulting in the prolonged residual activity of this 

DMCocE-C-Tat fusion protein.   

 

 

3.4 Conclusions 

Two types of disulfide-bridged chemical conjugates, Tat-S-S-DMCocE and LMWP-

S-S-DMCocE, were successfully generated and purified by heparin affinity 

chromatography.  Four recombinant CPP-DMCocE fusion proteins, Tat-N-DMCocE, 

LMWP-N-DMCocE, DMCocE-C-Tat, and DMCocE-C-LMWP, were also successfully 

constructed and expressed in E. coli as soluble proteins.  These six CPP-CocE variants 

contain one CPP group on the surface on each CocE molecule, and two sub-types of 

LWMP-DMCocE chemical conjugates would process two or even three LMWP groups 

per DMCocE molecules.  All six CPP-DMCocE constructs were able to be purified by Q-

sepharose anion exchange chromatography, and their purity was at least of ~98%, based 

on the analysis of SDS-PAGE.   

 

The in vitro characteristics of two chemical CPP-DMCocE conjugates (Tat-S-S-

DMCocE, LMWP-S-S-DMCocE) and four recombinant CPP-DMCocE fusion proteins 

(Tat-N-DMCocE, LMWP-N-DMCocE, DMCocE-C-Tat, and DMCocE-C-LMWP) were 

compared and summarized in Table 7.  LMWP-S-S-DMCocEs showed the highest 

cocaine-hydrolyzing activity among all of the CPP-DMCocE constructs, probably 

because the LMWP conjugation sites are away from CocE’s catalytic center and therefore 

have the least interference on CocE’s functionality.  The low production yield (3.9 mg 

per batch) of LMWP-S-S-DMCocE, however, would be an obstacle to any further 

application and needed to be optimized.  In contrast, the fusion protein DMCocE-C-Tat 

had the largest production yield, which is approximately 20-fold compared with LMWP-

S-S-DMCocE.  Another fusion protein, Tat-N-DMCocE, possessed the highest cocaine-

hydrolyzing activity among four CPP-DMCocE fusion proteins, and the longest in vitro 
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half-life compared with any known CocE variants.  Given the difference in expression 

level and in vitro half-life among four CPP-DMCocE fusion proteins, attaching Tat or 

LMWP on the C-terminus of CocE could reduce the potential interference on overall 

expression, but also accelerate the aggregation, of CPP-DMCocE fusion proteins.  In 

conclusion, compared with the number and type, the location of the attached CPP groups 

seemed be more influential on the functionality, stability, and expression level of CPP-

CocE variants. 

Table 7 In vitro characteristics of CPP-DMCocE variants. 
 

  

Yield in Mass 

Quantity Per 

Batch* (mg) 

% Efficiency 

Compared with  

DMCocE  

In Vitro t1/2 

at 37 oC (hr) 

Chemical Protein Conjugates 

Tat-S-S-DMCocE 1.1 n/a n/a 

LMWP-S-S-DMCocE 3.9 77-85 n/a 

Recombinant Fusion Proteins 

Tat-N-DMCocE 32.7 53 5.76 

LMWP-N-DMCocE 10.3 45 4.83 

DMCocE-C-Tat 73.3 50 1.66 

DMCocE-C-LMWP 7.3 49 2.98 

* Based on current facility in our lab. 

 

To facilitate the following cellular uptake study, the production yield, cocaine-

hydrolyzing activity, and in vitro thermal stability were the major parameters in this part 

of the dissertation.  Based on the overall results, either Tat-N-DMCocE or DMCocE-C-

Tat seemed to be the most preferable CPP-CocE variants.  A cellular uptake study to 

ensure the cell penetrating activity of all six CPP-DMCocE variants will be continued in 

Chapter 4. 
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CHAPTER	4	

Cell	Encapsulation	of	CPP‐CocEs		

 

 

By linking CPP and CocE via chemical conjugation or biological recombination, six 

CPP-CocE variants were successfully produced and systemically compared in Chapter 3.  

On this basis, the aim for this chapter is to evaluate the cell encapsulation feasibility of 

six CPP-CocE variants by assessing their cellular uptake ability, and elucidate the 

potential correlation between cell uptake extent and incubation time/concentration.  A 

fluorophore FITC was applied as a probe to visualize and quantify the cellular uptake of 

CPP-CocEs in living HeLa cells and rabbit RBC, which were are selected as the model to 

assess the cellular uptake behavior.  To perform cellular uptake study, cells were 

incubated with varied concentrations (in the range of 2-20 µM) of FITC-labeled CPP-

CocEs at 37 °C.  At the specified time points, the treated cells were extensively washed, 

and the intracellular fluorescence from internalized FITC-labeled CPP-CocEs was then 

analyzed.   

 

All six FITC-labeled CPP-CocEs showed cellular uptake ability in HeLa cells, but 

their intracellular distribution phenotypes were different.  Compared with other CPP-

CocE variants, C-terminal CPP-CocE fusion proteins exhibited nuclear enrichment, 

homogenous cytoplasmic distribution, and a greater extent of overall cellular uptake.  

Therefore, C-terminal CPP-CocE fusion proteins would be preferable for conducting cell 

encapsulation.  Moreover, in HeLa cells and RBC, the CPP-mediated internalization was 

positively correlated, but not increasing linearly, with incubation time and concentration.     
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4.1 Introduction 

Last chapter provides data for a systemic comparison of the six CPP-CocE variants 

produced by either chemical conjugation or biological recombination.  Their absolute 

yield per batch, recovery percentage, enzyme specific activities, and in vitro stability at 

37 °C were assessed and summarized in Table 7.  In this chapter, the comparison of the 

six CPP-CocEs is completed by evaluating their cellular uptake ability, which represents 

their feasibility for cell encapsulation.  The cell-encapsulated CocE can be protected from 

proteolytic degradation in circulation, as well as detection by the host immune system 

(see Chapter 1). 

 

Among all potential cell types which can be employed to encapsulate CPP-CocE, 

RBC and HeLa cells, a human cervical carcinoma cell line utilized in a number of 

literature regarding CPP-mediated cellular delivery (92, 104-106), are selected as the 

model to assess the cellular uptake behavior of CPP-CocE variants.  In cellular uptake 

study, fluorescein isothiocyanate (FITC) is attached to all six CPP-CocEs, and applied as 

a probe to visualize and quantify the cellular uptake of CPP-CocEs in living cells.  Under 

excitation by a laser with a wavelength of 494 nm, the FITC-labeled CPP-CocEs emit 

yellowish green fluorescence with a maximum at 520 nm.  Therefore, the intracellular 

fluorescence signal can accurately reflect the amount and distribution of the FITC-labeled 

CPP-CocEs inside the cells.   

 

Specifically, to perform the cellular uptake study, cells are incubated with varied 

concentrations (in the range of 2-20 µM) of FITC-labeled CPP-CocEs at 37 °C.  At the 

specified time points, the treated cells are extensively washed to remove the FITC-

labeled enzymes that merely attach on the outer cell membrane.  In this post-incubation 

wash, heparin is added in the wash buffer to facilitate the removal of the non-internalized 

CPP-CocEs (107), which is achieved by competing for binding of the heparan sulfate 

proteoglycans to the CPP moieties of CPP-CocEs (see Section 1.4.2).  The intracellular 

fluorescence can then be analyzed by the visualization using fluorescence microscopy, or 

the quantification using a microplate reader equipped with a proper fluorescence channel.  

This cellular uptake information combined with the in vitro activity and stability profile, 
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which was assessed in Chapter 3, can indicate which CPP-CocE variants would be more 

preferable for the further development. 

 

 

4.2 Materials and Methods 

4.2.1 Cells and Reagents 

Human cervical carcinoma cell line HeLa was obtained from the American Type 

Culture Collection (Manassas, VA).  Pooled rabbit RBC (in 10% suspension) was 

purchased from Lampire Biological Laboratories, Inc. (Pipersville, PA).   

 

Minimum Essential Medium α (MEM-α), fetal bovine serum (FBS), 1X PBS (pH 

7.4), Hoechst 33258, and Hank’s balanced salt solution (HBSS) without calcium or 

magnesium were from Invitrogen (Carlsbad, CA).  FITC, heparin sulfate (in sodium salt 

form), and radio immunoprecipitation assay (RIPA) buffer were purchased from Sigma-

Aldrich (St. Louis, MO).  Water was distilled and deionized (ddH2O).  All other reagents 

were of analytical grade. 

 

4.2.2 Fluorescence Labeling 

Six CPP-CocE constructs prepared in Chapter 3, including two chemical conjugates 

(Tat-S-S-LMWP and LMWP-S-S-DMCocE) and four fusion proteins (Tat-N-DMCocE, 

LMWP-N-DMCocE, DMCocE-C-Tat, DMCocE-C-LMWP), as well as DMCocE, were 

labeled with FITC at their primary amino groups.  CPP-CocE solutions (10 mg/ml in 0.1 

M carbonate buffer, pH 9.2) were reacted in a 1:20 molar ratio with a FITC solution in 

dimethylformamide (DMF) at 4 °C overnight with gentle shaking.  The final DMF 

concentration in the reaction mixture was less than 5%.  After reaction, the excess FITC 

was removed using a Sephadex G-25 desalting column (GE Healthcare, Piscataway NJ).  

The concentration and degree of labeling of the FITC-labeled DMCocE and CPP-CocE 

constructs was determined by measuring the absorbance at 280 nm and 494 nm.  After 

concentration using Amicon Ultra-15 centrifugal filter devices (molecular weight cut-off: 

30,000 Da), all the FITC-labeled enzymes were snap frozen in liquid nitrogen, and then 

stored at −80 °C prior to use. 
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4.2.3 HeLa Cell uptake of FITC-labeled CPP-CocE Variants 

HeLa cells were seeded at a density of 3 x 104 cells/cm2 in the BD PureCoat™ 

amine-surface 24-well plate (Bedford, MA), and grown in MEM-α medium 

supplemented with 10 % (v/v) FBS.  After they reached a confluence at ~50 % 

(approximately 24 hours after seeding), cells were incubated with FITC-labeled DMCocE 

or CPP-CocEs in a FBS-free MEM-α medium for the indicated time at 37 °C.  The 

concentrations of FITC-labeled enzymes were in the range of 2-10 µM.  After incubation, 

the treated HeLa cells were washed three times with 10 mg/ml of heparin sulfate in PBS 

(pH 7.4), and the cell nuclei were counter-stained with 5 µg/ml of Hoechst 33258 in PBS 

for 20 min at 37 °C.  To visually detect the cellular uptake, cell fluorescence was 

examined by a Nikon Eclipse TE2000S inverted fluorescence microscope using a 20X 

objective and three channels (DIC (differential interference contrast), DAPI, and FITC).  

Cell images were acquired and analyzed by Metamorph® software (Molecular Devices 

Corporation, Sunnyvale, CA).  To quantitatively evaluate the cellular uptake, cells in 

each well were lysed with 500 µl of RIPA buffer (containing 1 µM leupeptin, 5 µg/ml 

soybean trypsin inhibitor, 150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium 

deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0), incubated for 30 min at 4 °C, and 

100 µl per well of total cell lysate was transferred into a white opaque 96-well microplate.  

Fluorescence in the 96-well microplate was read in a Synergy 2 Multi-Mode Microplate 

Reader (Biotek Instruments, Inc., Winooski, VT).  Two excitation wavelengths, 360 nm 

and 485 nm, were used to detect the cellular DNA (counterstained with Hoechst 33258) 

and the intracellular CPP-CocEs (labeled with FITC), respectively.  For each well, the 

intensity of the fluorescence excited at 485 nm was normalized by the intensity at 360 nm 

to correct for the differences in cell number between wells.  The average fluorescence 

reading from a group of three wells, which was incubated in a FBS-free MEM-α medium 

without the FITC-labeled enzymes but subjected to the same wash/lysis process, was 

applied as a blank for the microplate reader data.  Fluorescence measurement was done in 

triplicate, and all experiments were independently conducted twice (n = 2). 
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4.2.4 RBC Encapsulation of FITC-labeled Enzymes 

Rabbit RBC were washed three times with ten-fold volume of HBSS, and then 

incubated with varied concentrations of FITC-labeled DMCocE or CPP-CocEs in HBSS 

for the specified time at 37 °C.  The density of rabbit RBC at incubation was 108 cells/ml.  

After incubation, the treated RBC were washed three times with HBSS containing 10 

mg/ml heparin sulfate, and diluted to a density of 2 x 106 cells/ml for the following 

examination. 

 

To visually detect the encapsulation, the fluorescence from the FITC-labeled 

enzymes was examined by a Nikon Eclipse TE2000S inverted fluorescence microscope 

using a 20X objective and two channels (DIC, and FITC).  RBC (2 x 106 cells/ml) were 

mixed with trypan blue (final concentration 0.1%), incubated at room temperature for 20 

min, and the RBC images were acquired and analyzed by Metamorph® software 

(Molecular Devices Corporation, Sunnyvale, CA).  To quantitatively evaluate the cellular 

uptake, the fluorescence 100 µl of the trypan-blue treated RBC was read in a Synergy 2 

Multi-Mode Microplate Reader (Biotek Instruments, Inc., Winooski, VT) at 485 nm.    

 

 

4.3 Results and Discussion 

4.3.1 HeLa Cell Encapsulation 

Cellular Uptake Phenotypes of Six CPP-CocE Variants 

After incubating with HeLa cells for two hours at 37 °C, at the concentration of 5 

µM, all six FITC-labeled CPP-CocEs penetrated and accumulated into the living HeLa 

cells, generating a significant intracellular fluorescence (Figure 20).  At the same 

concentration of 5 µM, FITC-labeled DMCocE showed no cell penetrating activity and 

left almost undetectable fluorescence signals after wash.  Thus, the cell penetrating ability 

of the CPP-CocEs can be attributed to the attached CPP groups, namely Tat or LMWP.  

On the other hand, the morphology of the cells treated with CPP-CocEs appeared normal 

and similar to that of PBS-treated cells.  The normal cell morphology of the CPP-CocE 

treated cells excludes the possibility that the uptake is due to the cell membrane 

disruption.  This suggestion was further supported by the result of a trypan blue staining, 
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in which damages cells with compromised cell membrane integrity were stained in blue 

(data not shown). 

 

Although all six CPP-CocEs possess cell penetrating activity, their distribution after 

getting into cells showed different phenotypes.  First, compared with CPP-CocE chemical 

conjugates, CPP-CocE fusion proteins exhibited a clear enrichment in the nucleus (Figure 

20, e-h).  It is known that Tat and LMWP are highly positively charged and have a high 

binding affinity to the negatively-charged DNA (108, 109).  Since the Tat and LMWP 

groups are permanently attached to the CPP-CocE fusion proteins, based on their 

membrane penetrating and DNA-binding activity, these two CPPs could carry their 

“CocE cargo” across the nuclear membrane and enter the nucleus.  In contrast, for the 

CPP-CocE chemical conjugates generated in this dissertation, the disulfide bond between 

CPP and CocE will be rapidly cleaved in the reductive intracellular environment.  While 

the free CPP group proceeds into the nucleus, the released CocE cannot cross the nuclear 

membrane and therefore remains in the cytoplasm.  Moreover, this nuclear accumulation 

of CPP-CocE fusion proteins appeared more obvious for DMCocE-C-Tat and DMCocE-

C-LMWP (Figure 20, g and h).  It is known that a poly-histidine sequence (n>5) also 

possesses a DNA binding affinity (110).  Thus, for DMCocE-C-Tat and DMCocE-C-

LMWP, in which their CPP groups are attached to the C-termini and right after and the 6-

histidine tags, the DNA binding affinity of the CPP group would be enhanced by the 

adjacent 6-histidine tag, leading to a more distinct nuclear localization.  

 

Second, some CPP-CocE constructs showed a homogenous distribution in the 

cytoplasm.  When utilizing CPP to deliver a protein into cells, at least some degree of 

CPP-protein would be internalized via endocytosis and therefore localize within 

endosomes (see Section 1.4.2), forming condensed “bright spots” or vesicular structures 

in the cytoplasm under microscope (92, 105).  However, one chemical conjugate LMWP-

S-S-DMCocE (Figure 20, d), as well as two fusion proteins DMCocE-C-Tat (Figure 20, g) 

and DMCocE-C-LMWP (Figure 20, h), dispersed evenly and without any condensation 

in the cytoplasm.  This homogenous distribution suggests that, after getting internalized, 

these three CPP-CocE constructs were not confined inside the cytoplasmic sub-
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compartments such as endosomes.  In comparison, other chemical conjugate (Tat-S-S-

DMCocE, Figure 20, c) and fusion proteins (N-Tat-DMCocE and N-LMWP-DMCocE, 

Figure 20, e, f) still showed a “spotty” distribution in the cytoplasm (Figure 20, c, e, f).  

To sum up, among all six CPP-CocE constructs, the chemical conjugate with more CPP 

groups (LWMP-S-S-DMCocE), as well as the fusion proteins with the C-terminal CPP 

group (DMCocE-C-Tat and DMCocE-C-LMWP), appeared to be distributed 

homogenously in the cytoplasm and not confined inside the endosomes.  For these three 

CPP-CocE constructs, it would be rational to assume that this homogenous cytoplasmic 

distribution is due to neither the CPP type nor the linkage between CPP and CocE, but 

due to the location and numbers of the CPP groups.  Further investigation for cytoplasmic 

distribution among different CPP-CocEs, however, is still needed to support this 

assumption and elucidate the detailed mechanism. 

 

Regardless of its exact mechanism, the non-endosomal-confined cytoplasmic 

distribution is favorable for the CPP-mediated cell encapsulation for CocE.  Because of 

the acidic pH and various proteolytic enzymes inside the endosomes, most CPP-CocE 

reaching the endosomes will be degraded rapidly.  Clearly, a CPP-CocE construct will be 

more preferable for cell encapsulation if it has a greater extent of non-endosomal-

confined distribution and cellular uptake.  The assessment of the cellular uptake extent, as 

well as factors impacting the cellular uptake, will be continued in the following 

experiments. 
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Cellular Uptake Level is Dependent upon CPP-CocE Type and Incubation Time 

Figure 21 shows the time course of the cellular uptake of four CPP-CocE fusion 

proteins.  The two chemical conjugates, Tat-S-S-DMCocE and LMWP-S-S-DMCocE, 

were excluded from this study due to their insufficient yield in production (see Table 7).  

As cells cannot maintain longer than four hours in absence of FBS supplement, the 

cellular uptake was monitored up to four hours.  During the entire four-hour incubation, 

the cellular uptake levels of C-terminal CPP-CocE fusion proteins (DMCocE-C-Tat and 

DMCocE-C-LMWP) were approximately two-fold higher than the N-terminal constructs 

(Tat-N-DMCocE and LMWP-N-DMCocE).  The difference in cellular uptake among N-

terminal and C-terminal CPP-CocE fusion proteins is probably due to the augmented cell-

penetrating activity by the presence of the histidine tag along with the fused CPP at the 

C-terminus.  This difference in cellular uptake levels was also observed in the previous 

study (Figure 20, e-h), in which both DMCocE-C-Tat and DMCocE-C-LMWP also 

showed higher extent of cell internalization compared with Tat-N-DMCocE and LMWP-

N-DMCocE.  Meanwhile, according to Figure 21, the difference in cellular uptake level 

within the two types of N- or C-terminal CPP-CocE fusion proteins was not as obvious as 

that between the two types of fusion proteins.  To sum up, combined with the 

fluorescence microscopy results from Figure 20, the C-terminal CPP-CocE fusion 

proteins showed a more homogenous cytoplasmic distribution, as well as a greater extent 

of overall cellular uptake, and therefore would be more preferable for cell encapsulation.   

 

As for the correlation between the cellular uptake level and the incubation time, the 

internalization was increasing within the first two hours of incubation.  After two hours, 

the cellular uptake level showed no significant increase.  The only exception is DMCocE-

C-Tat, which continuously decreases the uptake level after two hours.   
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Figure 21 Kinetics of cell internalization of four CPP-CocE fusion proteins. HeLa cells 
were incubated with 5 µM of FITC-labeled DMcocE or CPP-CocE fusion proteins for a 
pre-determined time points at 37 °C.  The cellular uptake of each CPP-CocE fusion 
protein (labeled with FITC) was estimated from the mean fluorescent signal of 106 cells.   

 

 

Cellular Uptake Behavior is Dependent upon Incubation Concentration 

In order to find out the optimal concentration for loading CPP-CocEs into cells, the 

incubation time in this concentration-dependent experiment is set at two hours, based on 

the time when cellular uptake level reaches to (see Figure 21).  Due to the lower yield of 

production (see Table 7), and to avoid inconsistency of mixing two batches, the two 

LMWP-CocE fusion proteins (LMWP-N-DMCocE and DMCocE-C-LMWP) are not 

included in this concentration-dependency study.   

 

Figure 22 and Figure 23 show the concentration-dependent internalization and 

distribution in HeLa Cell of Tat-N-DMCocE and DMCocE-C-Tat, respectively.  The 

selected concentration range (2-10 µM) for the HeLa cellular uptake covered proteins 
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concentrations used in most studies of CPP-mediated cellular delivery .  Both figures 

demonstrate that the levels of cellular internalization are positively correlated with the 

concentration of these two CPP-CocEs.  Moreover, compared with cells treated with 

lower concentrations, the morphology was not altered in presence of 10 µM of Tat-CocEs.     
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In order to obtain a more accurate assessment, the treated HeLa cells were measured 

by the fluorescence microplate reader.  Figure 24 shows that the cellular uptake of 

DMCocE-C-Tat is proportional with the increasing concentration.  After incubation time 

of 4 hours, the mean fluorescence intensity of 106 cells is 2.2 x106, 3 x106 and 7.4x106 at 

concentrations of 2 µM, 5 µM and 10 µM, respectively.   This suggests that the cell 

internalization does not increase linearly with higher concentration.   In addition to the 

non-linear enhancement, the fluorescence value for 10 µM kept increasing with 

incubation time, whereas the fluorescence value for lower concentrations (2 and 5 µM) 

reach a maximum after two hours.      

 

 

 

Figure 24 Kinetics of cell internalization of DMCocE-C-Tat in different concentrations.  
HeLa cells were incubated with 5 µM of FITC-labeled DMcocE or 2, 5, and 10 µM of 
FITC-labeled DMCocE-C-Tat at a pre-determined time points at 37 °C.  The cellular 
uptake of each FITC-labeled enzymes was estimated from the mean fluorescent signal of 
106 cells.   
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4.3.2 RBC Encapsulation 

For the convenience of future animal experiments regarding cocaine toxicity, the 

RBC used in the encapsulation study should come from the same species as in animal 

experiments.  Rodents (mice and rats) are most commonly used as the animal model for 

cocaine intoxication.  Compared with humans, rodents metabolize cocaine by the same 

mechanism and experience similar types of cocaine-induced toxicity (111-113).  

However, there is no commercialized mouse RBC product available on the market, and 

rat RBC is too fragile for the loading process (personal communication).  Therefore, 

rabbit RBC, which have a similar morphology as rodent RBC and are available for 

purchase in sufficient quantities, are used in this RBC encapsulation experiment. 

 

According to the results from the HeLa cell study in Section 4.3.1, when the 

incubation concentration reached at 10 µM, the CPP-CocE internalization becomes 

proportional to incubation time during the entire four-hour incubation.  Therefore, the 

incubation concentrations in the RBC encapsulation study is set at 10 and 20 µM, which 

equal one- and two-fold of the upper limit in the HeLa cell study.  As higher 

concentrations are used in the RBC study, fluorescence from non-internalized FITC-

labeled enzymes could become more obvious and not be completely removed by heparin 

wash.  To eliminate this interference, trypan blue was applied after incubation to quench 

the FITC fluorescence from the enzyme attached to the outer cell membrane.  Since 

trypan blue can only quench the fluorescence from nearby FITC molecules, and it cannot 

cross the cell membrane, only the extracellular fluorescence is quenched by trypan blue; 

the intracellular fluorescence from internalized CPP-CocE will remained undisturbed 

(114).   

 

The RBC incubated with the FITC-labeled DMCocE (10 µM and 20 µM) showed a 

weak fluorescence on the cell surface, with no observable uptake of the labeled-enzyme 

within the interior of the RBC (Figure 25).  The similar weak fluorescence on the cell 

surface was also observed in the RBC treated with 10 µM of FITC-labeled DMCocE-C-

Tat.  When RBC incubated with 20 µM of FITC-labeled DMCocE-C-Tat, however, 

significant intracellular fluorescence was detected within the RBC.  The fluorescence 
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Figure 26 Kinetics of RBC uptake of DMCocE and DMCocE-C-Tat.   
 

 

The morphology of the RBC treated with 20 µM of FITC-labeled enzymes was 

different than the cells treated with lower concentrations of enzyme.  As the enzyme 

concentration increased, the RBC shape shifted from spherical biconcave to crenate, and 

the size also became smaller.  Since the RBC treated with 20 µM of DMCocE-C-Tat 

were excluded from trypan blue staining (Figure 25, b), the possibility that the uptake 

was due to the cell membrane disruption can be ruled out.  The possible explanation of 

the change in RBC morphology would be the hypertonic environment in presence of high 

enzyme concentration, which is a well-known physiological response of RBC (115).  

 

 

4.4 Conclusions 

In this chapter, the comparison of the six CPP-CocEs is completed by evaluating 

their cellular uptake ability, which represents their feasibility for cell encapsulation.  A 
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fluorophore FITC is applied as a probe to visualize and quantify the cellular uptake of 

CPP-CocEs in living cells.  RBC and HeLa cells are selected as the model to assess the 

cellular uptake behavior of CPP-CocE variants.   

 

In HeLa cells, all six FITC-labeled CPP-CocEs penetrated and accumulated inside 

the cells, but their intracellular distribution were different.  CPP-CocE fusion proteins 

exhibited a nuclear enrichment, and this nuclear accumulation was more obvious in 

DMCocE-C-Tat and DMCocE-C-LMWP.  Moreover, LMWP-S-S-DMCocE, DMCocE-

C-Tat, and DMCocE-C-LMWP were not confined inside the endosomes after getting into 

the cells.  Since DMCocE-C-Tat and DMCocE-C-LMWP showed a more homogenous 

cytoplasmic distribution and a greater extent of overall cellular uptake, they appeared to 

be more preferable for cell encapsulation.  By using DMCocE-C-Tat and Tat-N-DMCocE 

as models, CPP-mediated internalization was found to be dependent upon incubation time 

and concentration.  At 2 µM and 5 µM, the CPP-mediated cellular uptake reached a 

maximum after two hours.  However, at 10 µM, the CPP-mediated uptake kept increasing 

with incubation time during the entire incubation. 

 

In RBC, only incubation with 20 µM of DMCocE-C-Tat generated a significant 

cellular uptake.  For the three groups of RBC treated with cells treated with FITC-labeled 

DMCocE (10 and 20 µM) and 10 µM FITC-labeled DMCocE-C-TAT, the fluorescence 

intensity slowly increased with the increasing incubation time.  However, for the RBC 

incubated with 20 µM of FITC-labeled DMCocE-C-Tat, the fluorescence intensity 

dramatically increased at one hour of incubation.  Compared with all the other three 

groups, its fluorescence intensity showed at least two-order of magnitude greater increase.   
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CHAPTER	5	

Nasal	Delivery	of	CPP‐CocEs		

 
 

5.1 Introductions 

In addition to cell encapsulation, CPP-mediated cell uptake could also be utilized to 

directly deliver CocE into the CNS.  The major obstacle to deliver macromolecules 

(including CocE) into the brain is the blood-brain barrier (BBB), which allows only small 

(< 400-500 Da) lipophilic molecules to cross (116).  As a small and highly lipophilic 

molecule, cocaine can freely pass the BBB and reach the brain parenchyma, where 

cocaine has its psychological effects.  In contrast, CocE is impermeable to the BBB and 

therefore can be directly introduced into the CNS only by invasive administrations, e.g. 

surgery and intracranial injection.  The ability of CPP to cross the BBB and carry its 

macromolecular “cargo” into the CNS has been shown to improve the medication 

outcomes of some CNS diseases, such as brain tumors, cerebral ischemia, and 

neurodegeneration (32, 117-119).  Therefore, it will be interesting to see if the cell-

membrane permeable CPP-CocE variants also have the potential to cross the BBB and 

reach the brain parenchyma. 

 

One possible administration route for CPP-CocEs to the CNS is nasal delivery.  

After nasal administration, the CPP-CocE molecules escaping proteases and capillary 

clearance on the nasal mucous membrane would gain an opportunity to enter the CNS via 

the olfactory region (120).  There are two proposed mechanisms for the olfactory 

pathway from nose to the CNS.  The first mechanism involves the olfactory epithelial 

cells, from which the cell-permeable CPP-CocEs can passively diffuse though the 

vasculature underneath and then to the CNS (121-124).  The second mechanism involves 

the olfactory neurons, which are able to actively transport the internalized CPP-CocEs on 

the olfactory bulbs in the CNS (124, 125).  Compared with the first (epithelium-involved) 
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mechanism, the second mechanism (neuron-involved) will be more favored in CocE 

delivery from nose to the CNS, as for macromolecules active transport is usually more 

efficient than passive diffusion. 

 

Because of their cell penetrating activity, the CPP-CocEs applied on the nasal 

mucous membrane should be able to utilize both mechanisms aforementioned to enter the 

CNS.  Even though they cannot reach the CNS, the CPP-CocEs internalized in the nasal 

epithelial cells can escape proteases and capillary clearance on the nasal mucous 

membrane, and therefore can remain active.  As long as the intracellular CPP-CocEs 

maintain cocaine hydrolyzing activity, they would continue digesting the cocaine in the 

nasal cavity, and preventing cocaine from entering the circulation.  

 

 

5.2 Materials and Methods 

5.2.1 Cells and Reagents 

Human nasal septum carcinoma cell line RPMI-2650 was purchased from the 

American Type Culture Collection (Manassas, VA).  Cocaine hydrochloride was from 

the National Institutes on Drug Abuse (Bethesda, MA).  All reagents required for cell 

culture fluorescence microscopy were the same with Section 5.1.1 and therefore not 

described here.    

 

5.2.2 RPMI-2650 Cell uptake of FITC-labeled CPP-CocE Variants 

To determine the best condition for the maximal loading, the fluorescence 

microscopy was conducted by measuring the cellular uptake of FITC-labeled CPP-CocE 

variants in RPMI-2650 cells.  Cells were seeded at the density of 1.5 x 105 cells/cm2 in 

the BD PureCoat™ amine-surface 24-well plate, and used when they completely attached 

to the plate and reached a confluence at ~50% (approximately 3 x 105 cells/cm2).  The 

process of maintaining RPMI-2650 cells, incubating the cells with FITC-labeled enzymes, 

and conducting fluorescence microscopy, was identical with Section 5.1.1 and therefore 

not described here. 

 



 

79 
 

5.2.3 Cocaine-Hydrolyzing Activity of RPMI-2650 Cells Loaded with CPP-CocEs 

RPMI-2650 cells were seeded at the density of 3 x 104 cells/cm2 in the BD 

PureCoat™ amine-surface 24-well plate, grown in the same conditions used in Section 

5.1.1 and 5.3.1, and used when they completely attached to the plate and reached a 

confluence at ~50% (~ 2.5 x 105 cells/cm2).  To load enzymes, cells were incubated with 

varied concentrations (2 – 10 µM) of DMCocE or CPP-CocEs in a FBS-free MEM-α 

medium for three hours at 37 °C.  After incubation, the treated RPMI-2650 cells were 

washed three times with PBS (pH 7.4) containing 10 mg/ml heparin sulfate.  To assess 

the cocaine-hydrolyzing activity, 500 µM cocaine solution in 1X PBS (pH 7.4) was 

added into the treated cells (500 µl per well), and incubated at 37 °C with gentle shaking.  

A 100 µl aliquot of cocaine solution was taken out at 0.5, 1, and 1.5 hr, and the remaining 

cocaine level was determined by the spectrophotometric assay described in Section 4.1.3. 

 

 

5.3 Results 

This preliminary study is to see if the RPMI-2650 cells transduced with DMCocE-C-

Tat will become capable of cocaine digestion.  Before the transduction, the internalization 

efficiency of DMCocE-C-Tat (labeled with FITC) in RPMI-2650 cells was evaluated by 

measuring the intracellular fluorescence intensity.  Similar with the results in HeLa cells 

(see Section 5.1.2), the uptake of DMCocE-C-Tat in RPMI-2650 are dependent upon 

with incubation time and enzyme concentration.  According to the uptake kinetics (Figure 

27), the uptake of DMCocE-C-Tat was positively correlated with the incubation time up 

to 3 hours, but dropped at the fourth hour.  As for the correlation between the uptake and 

incubation concentrations, the cellular uptake of DMCocE-C-Tat is also positively 

correlated with increasing concentration. Like the nonlinear increase of uptake in HeLa 

cells, this concentration-dependent uptake in RPMI-2650 cell does not increase linearly 

either.  After incubation time of 3 hours (when the maximal internalization occurs), the 

mean florescence intensity per 106 cells is 6 x104 at 2 µM, and 2.6 x105 at 10 µM of 

DMCocE-C-Tat, respectively.  Note that the fluorescence readings in RPMI-2650 cells 

are significantly lower than those in HeLa cells.  Besides the intrinsic difference of the 

uptake capacity among cell types, this lower fluorescence intensity of RPMI-2650 
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compared with HeLa cells may mainly result from the difference of cell size and 

morphology.  The entire cell size and cytoplasmic portion of RPMI-2650 are smaller than 

HeLa cells.  The result from fluorescence microscopy confirms this morphology 

difference (Figure 28), and also shows a less intensive FITC-labeled enzyme staining in 

the cytoplasm. 

 

 

Figure 27 Kinetics of RPMI-2650 uptake of DMCocE-C-Tat with two different 
concentrations.  RPMI-2650 cells were incubated with 5 µM of FITC-labeled DMcocE or 
2 and 10 µM of FITC-labeled DMCocE-C-Tat at a pre-determined time points at 37 °C.  
The cellular uptake of each FITC-labeled enzymes was estimated from the mean 
fluorescent signal of 106 cells. 
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Based on the results described in last paragraph, the incubation time in the following 

cell transduction experiment was set to three hours, which gives the maximal 

internalization of DMCocE-C-Tat in RPMI-2650 cells.  Both Tat-N-DMCocE and 

DMCocE-C-Tat are used in this experiment in order to determine the effect of enzyme 

activity and stability on the cocaine-hydrolyzing efficiency of the transduced cells.  For 

the RPMI-2650 cells treated with DMCocE, the cocaine degradation rate is similar to the 

cells treated with merely enzyme vehicle (PBS), indicating no DMCocE entering the cells 

or attaching to the cellular surface after post-incubation wash.  For the RPMI-2650 cells 

transduced with Tat-CocEs, however, they become capable of hydrolyzing cocaine, and 

their cocaine-hydrolyzing activity is proportional to the enzyme incubation concentration.  

Moreover, compared with the cells transduced with Tat-C-DMCocE, the cells transduced 

with DMCocE-C-Tat degrade cocaine faster in the first 0.5 hour but slower afterwards. 

After reacting for 1.5 hours, regardless of the enzyme concentration, the remaining 

cocaine levels in the groups treated with DMCocE-C-Tat are all higher relative to the 

groups treated with Tat-N-DMCocE.  Since Tat-N-DMCocE is more stable than C-Tat-

DMCocE  (the t1/2 at 37 °C is 5.76 hr and 1.66 hr, respectively; see Table 6), it can be 

concluded that a CPP-CocE with better stability is favorable for cocaine detoxification, 

and this better stability can compensate for lower enzyme efficiency. 
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Figure 29 Degradation of cocaine in the CocE-transduced RPMI-2650 cells.  When reach 
the density of 2.5 x 106 cells/cm2, RPMI-2650 (seeded in 24-well plate) were incubated 
with vaired concentrations of Tat-N-DMCocE (solid blue points), DMCocE-C-Tat 
(hollow orange points), or 10 µM of DMCocE (green crossed points).  After incubation 
for 2 hours at 37 C°, cells were extensively washed with 10 mg/ml heparin, and then 
reacted with 500 µM of cocaine in PBS (500 µl per well) at 37 C°.  100 µl aliquot per 
well was taken out at 0.5, 1, and 1.5 hr, and the remaining cocaine amount was 
determined by the absorbance at 240 nm (see Section 4.1.3).  Cocaine level is presented 
in the percentage compared to the original concentration, as well as the calculated amount 
in the 500 µl solution in each well.  Each point represents the mean of measurement in 
triplicates. 
 

 

5.4 Conclusions 

Similar with the results in HeLa cells and RBC (see Chapter 4), CPP-CocE were 

able to penetrate and accumulate in RPMI-2650 cells, and cellular uptake was also 

positively correlated upon incubation time and enzyme concentration.  More importantly, 

the RPMI-2650 cells transduced with CPP-CocE became capable of hydrolyzing cocaine.  

In contrast, the cocaine degradation rates in the RPMI-2650 cells treated with DMCocE 
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was similar to the cells treated with merely enzyme vehicle (PBS).  Moreover, compared 

with the cells transduced with Tat-C-DMCocE, the cells transduced with DMCocE-C-Tat 

degrade cocaine faster in the first 0.5 hour but slower afterwards. After reacting for 1.5 

hours, regardless of the enzyme concentration, the remaining cocaine levels in the groups 

treated with DMCocE-C-Tat are all higher relative to the groups treated with Tat-N-

DMCocE.  Given that Tat-N-DMCocE is more stable than C-Tat-DMCocE at 37 °C (the 

t1/2 at 37 °C is 5.76 hr and 1.66 hr, respectively), it can be concluded that the enzyme 

stability at 37 °C is also essential factor for cell transduction and encapsulation.  Even 

with a lower enzyme efficiency, a CPP-CocE construct is still feasible for cell 

transduction and encapsulation, as long as it has a good in vitro stability at 37 °C . 
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CHAPTER	6	

CONCLUSIONS	

 

 

6.1 Summary 

Two strategies, PEGylation and cell encapsulation, are employed in this dissertation 

to overcome the stability and immunogenicity issues of CocE.  Using PEGylation or cell 

encapsulation, CocE can be protected from deactivation by proteases and antibodies in 

circulation, and therefore extending its plasma half-life and reducing the triggered 

immune response. 

 

PEGylation of CocE was successfully carried out and characterized.  The PEG-CocE 

conjugates prepared in this study showed a purity of greater than 93.5%.  Attachment of 

PEG to CocE apparently inhibited the binding of anti-CocE antibodies to the conjugate, 

as demonstrated by the ELISA assay.  In addition, PEGylation yielded protection to CocE 

against thermal degradation and protease digestion.  Furthermore, preliminary in vivo 

results suggested that, similarly to native CocE, the PEG-CocE conjugates were able to 

protect animals from cocaine-induced lethality. 

 

Cell encapsulation of CocE was accomplished by creating a cell permeable form of 

CocE, which was achieved by linking CocE and CPP via covalent bond.  Two model 

CPPs, Tat and LMWP, were linked to CocE through chemical conjugation or genetic 

recombination strategies, generating six CPP-CocE variants.  All these CPP-CocE 

constructs possessed cocaine hydrolysis activity and cell permeability, and their in vitro 

characteristics and cellular uptake behaviors are summarized in Table 8.  Among these 

six CPP-CocE variants, the chemical conjugate LMWP-S-S-DMCocE showed a high 

level of cellular internalization, homogenous cytoplasmic distribution, as well as the 
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highest cocaine-hydrolyzing activity. However, its low production yield (3.9 mg per 

batch) is needed to be further optimized.  In comparison, the fusion protein DMCocE-C-

Tat also showed a decent cellular internalization and homogenous cytoplasmic 

distribution.  Although it cocaine-hydrolyzing activity ranked the second highest (lower 

than LWMP-S-S-DMCocE), it had the largest production yield (73 mg per batch), which 

was approximately 20-fold compared with LMWP-S-S-DMCocE.  Another worthy-

noting CPP-CocE variant is Tat-N-DMCocE, which showed the longest in vitro half-life 

(5.76 hr) compared with any known CocE variants.     

Table 8 In vitro characteristics and cellular uptake behaviors of CPP-DMCocE variants. 
 

 

Cellular Uptake Behavior Yield in Mass 

Quantity Per 

Batch** (mg) 

% Efficiency 

Compared with  

DMCocE 

In Vitro t1/2 at 37 
oC (hr) Uptake 

Level 

Cytoplasmic 

Distribution 

  

Chemical Protein Conjugates 

  

Tat-S-S-DMCocE √ Condensed 1.1 n/a n/a 

LMWP-S-S-DMCocE √√ Homogenous 3.9 77-85 n/a 

  

Recombinant Fusion Proteins 

  

Tat-N-DMCocE √ Condensed 32.7 53 5.76 

LMWP-N-DMCocE √ Condensed 10.3 45 4.83 

DMCocE-C-Tat √√ Homogenous 73.3 50 1.66 

DMCocE-C-LMWP √√ Homogenous 7.3 49 2.98 

*Assessed by the intracellular fluorescence intensity after FITC labeling. 

** Based on current facility in our lab. 

 

 

By using DMCocE-C-Tat and Tat-N-DMCocE as models, CPP-mediated 

internalization was found to be dependent upon incubation time and concentration.  

Similar cellular internalization behaviors were also observed in the RBC and nasal 

epithelial cells, which were used to evaluate the potential for a non-disruptive RBC 
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encapsulation, as well as for the epithelial-cell-involving olfactory delivery from nose to 

the CNS, of CPP-DMCocE variants.  Moreover, the nasal epithelial cells transduced with 

CPP-DMCocEs showed the ability to hydrolyze cocaine, indicating that the internalized 

CPP-DMCocE maintains its enzymatic activity. 

 

Overall, this dissertation research provides the evidence that PEGylation may serve 

as a tool to prolong CocE functionality in the circulation and reduce its potential 

immunogenicity.  Also, this research demonstrates that the attachment of CPP groups 

enables CocE to be cell permeable and meanwhile maintains CocE’s enzymatic activity.   

More importantly, as the first research to systemically compare the in vitro properties of 

different CPP-protein variants, this dissertation also provides some interesting 

observations about how the CPP attachment could influence the cellular uptake extent 

and phenotype of CPP-protein constructs.  These observations would not be only useful 

for developing other new CPP-CocE constructs, but also valuable for modifying other 

therapeutic proteins and making them cell permeable by CPP attachment. 

 

 

6.2 Future Studies 

Based on the promising results of preliminary in vivo results, further investigations 

of the efficacy and safety of PEGylated CocE in animal models are currently proceeding 

in our laboratory, with the goal of bringing this project to a successful clinical translation.  

Regarding the future studies for CPP-CocE variants, a more comprehensive comparison 

to address different ways in CPP attachment, i.e. different numbers, location, and 

orientations of CPP groups, would provide insightful information of the CPP-mediated 

intracellular delivery for CocE.  Furthermore, for further development of CPP-CocE 

variants, complete in vitro characterizations, as well as preliminary in vivo studies of cell 

encapsulation or nasal delivery, are essential to evaluate their possibilities in clinical 

applications.   
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