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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. Two
potential obstacles to the clinical application of CocE, however, lie in its proteolytic degradation
and induced immune response. To minimize these potential obstacles, we attempted non-
disruptive cell encapsulation by creating a cell permeable form of CocE, which was achieved by
covalently linking a thermally stable CocE mutant (dmCocE) with cell penetrating peptides
(CPPs). Two types of CPPs, Tat and the low molecular weight protamine (LMWP), were used in
this study. Two types of disulfide-bridged chemical conjugates, Tat-S-S-dmCocE and LMWP-S-
S-dmCocE, were synthesized and then purified by heparin affinity chromatography. In addition,
four recombinant CPP-dmCocE fusion proteins, Tat-N-dmCocE, LMWP-N-dmCocE, dmCocE-C-
Tat, and dmCocE-C-LMWP, were constructed, expressed in E. coli and purified as soluble
proteins. Among these six CPP-dmCocE variants, LMWP-S-S-dmCocE showed the highest
cocaine-hydrolyzing activity, and dmCocE-C-Tat had the highest production yield. To evaluate
their cellular uptake behavior, a covalently-linked fluorophore (FITC) was utilized to visualize the
cellular uptake of all six CPP-dmCocE variants in living HeLa cells. All the six variants exhibited
cellular uptake, but their intracellular distribution phenotypes differed. While the chemical
conjugates showed primarily cytoplasmic distribution, which was likely due to the reduction of the
disulfide linkage between CPP and dmCocE, all the other four recombinant fusion proteins
displayed both nuclear and cytoplasmic localization, with dmCocE-C-CPP exhibiting higher
cytoplasmic distribution during cellular uptake. Based on a balanced consideration of essentials
for clinical application, including parameters such as high cocaine-hydrolyzing efficiency, large
production yield, major cytoplasmic distribution, etc., the dmCocE-C-Tat fusion protein seems to
be the best candidate from this investigation. Further in vivo studies of the cell-encapsulated
dmCocE-C-Tat in hydrolyzing cocaine and alleviating immunogenicity and proteolytic
degradation in established, clinically relevant mouse models are currently underway in our
laboratories. Findings from this research are not only useful for developing other new CPP-CocE
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constructs, but also valuable for establishing a non-disruptive cell-encapsulation technology for
other protein therapeutics that are known to be immunogenic for direct clinical application.
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Cell penetrating peptides (CPP); cocaine esterase (CocE); Tat; low molecular weight protamine
(LMWP)

Introduction
Cocaine is one of the most addictive and commonly abused illicit drugs1. In addition to its
widespread prevalence and potential for addiction, cocaine is also a highly toxic substance
that can be lethal and often requires immediate detoxification treatment2. Recently, bacterial
cocaine esterase (CocE), a globular 574 amino-acid monomeric esterase isolated from
Rhidococcus sp. MB1 in the rhizosphere soil of the cocaine-producing plant3, has been
identified as the most efficient naturally-occurring enzyme for hydrolyzing cocaine to
inactive metabolites4. Research on animal models has shown that CocE significantly
reduced cocaine concentration in circulation and reversed cocaine toxicity5. In spite of
encouraging results in animals, potential obstacles to the clinical application of CocE in
humans lie in its thermal instability, proteolytic degradation, and induced immune response.
Native CocE is rapidly deactivated at physiological temperature; its in vitro half-life at 37
°C is only ~13.7 min5. In addition, like most exogenous proteins, CocE is prone to be
cleaved by serum proteases in circulation. Moreover, since CocE is a bacterial protein, it
could trigger the production of anti-CocE antibodies that would not only deactivate CocE
but be also potentially deleterious to the host. To improve its thermal stability, several
mutants of CocE have been designed using a computational structural analysis, constructed
and tested. These mutants successfully extended the in vitro half-life from minutes to several
hours6, 7. However, the proteolytic degradation and induced immune response remain to be
critical issues, which must be solved prior to any possible clinical application.

Aside from conventional strategies to reduce CocE’s proteolysis and immunogenicity by
attaching polyethylene glycol (PEG) chains8 , another attractive method is encapsulating
CocE into living cells. As long as CocE is confined inside the cells, it can be protected from
proteolytic degradation and immune surveillance by the host. Indeed, cell encapsulation has
been applied to a variety of therapeutic enzymes for the treatment of different diseases such
as Gaucher’s disease, methanol intoxication, and acute lymphoblastic leukemia9–11. This
strategy has successfully attenuated many inherent drawbacks in traditional enzyme
replacement therapies, including short half-lives, immune and allergic reactions, and host
toxicity12. Furthermore, owing to the fact that cocaine is a small lipophilic molecule,
cocaine readily crosses cell membranes via simple diffusion and distributes to the cellular
compartments. According to reports of intravenous cocaine injection in humans, cocaine
rapidly accumulates in the brain as well as red blood cells (RBC) and reaches maximal
concentration within a short period of <5 minutes13, 14. More importantly, the cocaine
concentrations in brain and RBC have shown to remain approximately two-fold higher than
the concentrations in plasma13, 14. This supports the concept of developing a cell-
encapsulated form of CocE to avoid the proteolysis and immunogenicity issues, thereby
achieving an effective yet non-toxic cocaine detoxification.

It is well-known that the cell membrane is only permeable to small (< 700 Da) lipophilic
molecules but not to macromolecules including enzymes15. To solve this permeability issue
for cell encapsulation, several approaches including hypo-osmosis and electroporation have
been developed to load enzymes into living cells. Nevertheless, these approaches all require
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disruption of the cell membrane to enhance permeability. By generating large pores or
perturbations on the cell membrane, these methods often lead to morphological alteration
and physiological dysfunction of the cells12.

To achieve a non-disruptive cell encapsulation for CocE, we proposed an innovative
approach by constructing a “cell-permeable CocE” via attachment of a thermostable variant
of CocE to a cell penetrating peptide (CPP). The double mutant T172R/G173Q-CocE
(dmCocE) with an in vitro half-life of 4.5 hours (~20-fold improvement over native CocE)
has shown a robust antagonism against the toxicity and reinforcing effects of cocaine in
animals6, 16, and therefore was chosen as the model for developing cell-permeable CocE in
this paper. CPPs, also known as peptide transduction domains (PTDs) or membrane
translocation sequences (MTSs), are a group of short (less than 30 amino acid) and
positively-charged peptides that are able to cross the cell membrane. Aside from their own
cellular uptake, via covalent or electrostatic linkage, CPPs can deliver a wide range of cell-
impermeable cargos including therapeutic enzymes into the cell17. Although its detailed
mechanism remains unclear, this CPP-mediated cellular uptake does not appear to cause any
membrane perturbation or morphology changes of the cells11, 18. To date, CPPs have been
successfully applied to create cell permeable forms of therapeutic enzymes in more than 300
studies, and this number is still growing 19.

Two model CPPs were chosen to develop the cell-permeable CocE variants in this study.
The first one is Tat, a CPP derived from the HIV transcriptional trans-activator with the
sequence YGRKKRRQRRR20. As the most intensively studied CPP, Tat has been employed
in the clinical studies of several therapeutic macromolecules including a protein kinase C
inhibitor and siRNA19, 21. Both in vitro and in vivo studies in Tat-mediated cellular uptake
have demonstrated that Tat does not cause cell toxicity22 or increase the immunogenicity of
its cargoes23. The second model CPP is the low molecular weight protamine (LWMP),
which was developed in our laboratory and has the sequence VSRRRRRRGGRRRR24.
LMWP possesses the cell-penetrating activity and kinetics comparable to those of Tat25, and
has also been applied to deliver therapeutic macromolecules for the treatment of solid
tumors, acute lymphoblastic leukemia, and hypoxic-angiogenesis26–28. In addition to its cell
penetrating ability, LMWP offers several exclusive advantages. LMWP can be
manufactured in mass quantities by a direct enzymatic digestion of protamine, which has
been fully optimized into a single-step manufacturing process29. A further advantage is that,
since protamine is an FDA-approved clinical drug, its derivative LMWP is also expected to
be safe for humans. This proposition has been supported by the in vivo toxicity profile of
LMWP, which demonstrates no acute toxicity30 or immunogenicity31, 32 in both rodent and
canine models.

In this paper, we employed two different methods, chemical conjugation and genetic
recombination, to produce CPP-attached dmCocE (CPP-dmCocE) variants. In the chemical
conjugation method, CPP and dmCocE were linked via a disulfide bond that should be
automatically cleaved in the reductive intracellular environment18. This self-detachable
property of the CPP was designed to abort any potential interference with the conjugated
dmCocE. In the genetic recombination method, the genes of the CPP and dmCocE were
cloned and expressed in tandem, producing a recombinant CPP-dmCocE fusion protein.
This strategy provides better control of the CPP number (e.g., one CPP per dmCocE
molecule) and location (e.g., at the N- or C-terminus of dmCocE) on the fusion protein,
since its primary structure is precisely encoded in the DNA sequence. The in vitro properties
including the absolute yield per batch, recovery percentage, enzyme specific activities, and
in vitro stability at 37 °C of these CPP-dmCocE variants were then systematically
characterized and compared. The cellular uptake ability of all CPP-dmCocE variants were
examined in HeLa cells, a human cervical carcinoma cell line that has been extensively
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employed in the studies of CPP-mediated intracellular delivery27, 33, 34. Our findings
demonstrated that the cell-permeable and cocaine-hydrolyzing dmCocE could serve as not
only a promising candidate for developing a non-disruptive cell-encapsulated CocE, but also
a model in preparing other cell-impermeable therapeutic enzymes with strong
immunogenicity that prevents them for possible clinical uses.

Materials and Experiments
Materials

pET22b(+)-dmCocE was employed to lead to an over expression of dmCocE with a C-
terminal 6-histidine tag (LEHHHHHH) for purification35. Escherichia coli (E. coli)
competent cells (DH5α and BL21 Star™ (DE3)), succinimidyl 3-(2-pyridyldithio)
propionate (SPDP), pEXP-5-NT/TOPO® TA expression kit, minimum essential medium α
(MEM-α), fetal bovine serum (FBS), 1X PBS (pH 7.4), Hoechst 33258, and Hank’s
balanced salt solution (HBSS) were purchased from Invitrogen (Carlsbad, CA).
Carbenicillin, isopropyl-β-thiogalactopyranoside (IPTG), dithiothreitol (DTT), leupeptin,
soybean trypsin inhibitor, fluorescein isothiocyanate (FITC), and heparin sulfate were
purchased from Sigma-Aldrich (St. Louis, MO). 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 procedures29. DNA
primers used for site-directed mutagenesis and sequencing were synthesized by Integrated
DNA Technologies Inc. (Coralville, IA). The Phusion® site-directed mutagenesis kit and
DNA restriction endonucleases (NdeI, NcoI, KpnI, BamHI) were purchased from New
England Biolabs (Ipswich, MA). Cocaine hydrochloride was obtained from the National
Institutes on Drug Abuse (Bethesda, MA). The Bradford protein assay kit was purchased
from Bio-Rad Laboratories (Hercules, CA). The human cervical carcinoma cell line HeLa
was obtained from the American Type Culture Collection (Manassas, VA). Water was
distilled and deionized. All other reagents were of analytical grade.

Expression and purification of dmCocE
dmCocE was produced according to procedures described previously6 with modifications.
E. coli BL21 Star™ (DE3) cells were transformed with pET22b(+)-dmCocE plasmid, and
then grown in 4-liter LB medium with 50 µg/mL of carbenicillin at 37°C. The expression of
dmCocE was induced by the addition of 1 mM IPTG. After incubating for 12 hours at 18
°C, the BL21 Star™ (DE3) cells were harvested by centrifugation at 4000 × g and 37 °C for
30 min, and the cell pellets containing dmCocE were frozen at −80 °C overnight. The
harvested cell pellets containing dmCocE were re-suspended in a purification buffer
containing 50 mM Tris-HCl and 150 mM NaCl at pH 8.0, and then lysed with lysozyme (0.5
mg/mL) and DNase (8 µg/mL) in the presence of 1mM MgCl2. The histidine-tagged
dmCocE was purified by Talon™ metal affinity chromatography (Clontech Laboratories
Inc., Mountain View, CA) and Q-Sepharose anion-exchange chromatography (GE
Healthcare, Piscataway, NJ). dmCocE was eluted from the Q-Sepharose column with a 250–
450 mM NaCl linear gradient (pH 7.4) containing 20 mM HEPES, 2 mM MgCl2, 1 mM
EDTA, and 1 mM DTT. The peak fractions were pooled and concentrated using an ultra-
filtration device (molecular weight cut-off: 30,000 Da), flash frozen in liquid nitrogen, and
then stored at −80 °C prior to use. All purification procedures were carried out at 4 °C in
presence of protease inhibitors (1 µM leupeptin and 5 µg/mL soybean trypsin inhibitor).

Preparation of CPP-S-S-dmCocE chemical conjugates
In the chemical conjugation approach, the scheme utilizing the sulfhydryl groups of
dmCocE was selected (Figure 1), because any modification to the primary amine groups of
dmCocE led to a loss of its enzymatic activity8. Before undergoing conjugation, CPP was
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modified to introduce an N-terminal reactive sulfhydryl group using a bifunctional cross-
linker SPDP (Figure 1a). Five molar excess of SPDP in dimethyl sulfoxide (DMSO) was
mixed with Tat or LMWP solution (5 mg/mL in a 0.1 M phosphate buffer, pH 8.0), and
incubated at room temperature for 2 hours with gentle shaking. The sulfhydryl contents of
SPDP-modified Tat and LWMP, namely PDP-Tat and PDP-LMWP, were measured by
pyridine-2-thione assay36. In a separate process, dmCocE was pre-treated with DTT (10
mM) at 4 °C for 2 hours to fully restore its surface sulfhydryl groups. The DTT in dmCocE
solution was then removed using an Amicon Ultra-15 centrifugal filter device (molecular
weight cut-off: 30,000 Da).

The conjugation reaction was performed by mixing the DTT-pretreated dmCocE solution
with three molar excess of PDP-Tat or PDP-LMWP (Figure 1b) and incubating at 4 °C for
12 hours. Unreacted PDP-Tat or PDP-LMWP was removed by size-exclusion
chromatography using a Sephadex G-25 desalting column (GE Healthcare, Piscataway NJ).
The CPP-conjugated dmCocE variants, namely Tat-S-S-dmCocE and LMWP-S-S-dmCocE,
were separated from unreacted dmCocE by heparin affinity chromatography using a HiTrap
heparin column (GE Healthcare, Piscataway NJ). Tat-S-S-dmCocE and LMWP-S-S-
dmCocE were eluted from the heparin column with a linear NaCl gradient (pH 7.4)
containing 20 mM HEPES, 2 mM MgCl2, and 1 mM EDTA. The two isolated CPP-S-S-
dmCocE variants were then concentrated, flash frozen in liquid nitrogen, and stored at −80
°C prior to use.

Construction and preparation of recombinant CPP-dmCocE fusion proteins
In the genetic recombination approach, four types of CPP-dmCocE fusion proteins were
created by appending the DNA sequence encoding the CPP at the beginning or the end of
dmCocE genes (Figure 2). To facilitate the insertion of a CPP sequence, a BamHI restriction
site was introduced at the end of the C-terminal 6-histidine tag on pET22b(+)-dmCocE
plasmid. A Phusion® site-directed mutagenesis protocol (New England Biolabs) with
modifications37 was employed using one synthesized mutagenic primer: 5’-
CCACCACCACCACTagGATCCGGCTGCTAACAAAGC-3’ (mutated codon showed in
lowercase and BamHI site underlined). The incorporation of mutation was confirmed by the
results of BamHI digestion and DNA sequencing (the DNA sequencing Core, University of
Michigan).

Four double-stranded DNA fragments containing the first or the last ~450 bases of dmCocE
and CPP (Tat or LMWP) codons were produced by a mutagenic PCR to append CPP (Tat or
LMWP) sequence to dmCocE gene. The sequences of synthesized CPP-tailed primers are
available in the Supporting Information, which is available free of charge via the Internet at
http://pubs.acs.org. For better specificity and higher success rate of sub-cloning, the four
PCR products were first inserted to pEXP-5-NT/TOPO® vectors using the vendor’s
protocol (Invitrogen), and then sub-cloned to the mutated pET22b(+)-dmCocE plasmid, as
described previously. During sub-cloning procedures, both the mutated pET22b(+)-dmCocE
plasmid and the four DNA inserts (on pEXP-5-NT/TOPO® vectors) were double digested
with either NdeI/NcoI or KpnI/BamHI. NdeI and NcoI generated overhangs at the
beginning, while KpnI and BamHI generated overhangs at the end of the dmCocE gene. The
digested plasmid and DNA inserts were then purified by 1% agarose gel electrophoresis,
ligated by T4 ligase (16 °C, 18 hours), and transformed into DH5α competent cells. The
cells were grown overnight at 37 °C on agar plates containing 50 mg/mL carbenicillin.
Plasmids from individual colonies were isolated, and the recombinant CPP-dmCocE genes
were confirmed by sequencing of both strands over the entire coding region (the DNA
sequencing Core, University of Michigan). The plasmids containing the CPP-dmCocE genes
were then re-transformed into E. coli BL21 Star™ (DE3) cells for the expression of
recombinant CPP-dmCocEs. The expression and purification procedures used for preparing
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dmCocE were also utilized to produce CPP-dmCocE fusion proteins, and therefore not
repeated here.

Protein assays
At each purification step, the protein contents and purity were examined using SDS-PAGE.
Gels were stained with coomassie blue, and the images were analyzed with ImageJ
(National Institutes of Health, Bethesda, MD). Protein concentration was determined by the
Bradford protein assay kit using bovine serum albumin (BSA) as standard. Each sample was
done in triplicate with at least five independent dilutions (n ≥ 5).

Cocaine hydrolysis kinetic analysis
The cocaine hydrolyzing activities of the CPP-dmCocE constructs were determined by a
real-time spectrophotometric assay developed by Larsen et al.38 with modifications. Cocaine
hydrolyzing reactions were conducted in a UV-transparent 96-well microplate, and initiated
by adding 100 µL of CPP-dmCocE solutions to 100 µL cocaine solutions. The final
concentration of CPP-dmCocE solutions was 50 ng/mL. Final cocaine concentrations were
1, 2.5, 5, 10, 25, 50, 100, and 250 µM. CPP-dmCocE 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). To obtain steady-
state kinetic parameters for CPP-dmCocE variants, the initial rate of cocaine hydrolysis (in
micromole per minute) was determined by monitoring the decrease 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 39. Absorbance at 240 nm was
monitored every 15 seconds throughout the 30-min time course using a PowerWave XS
microplate spectrophotometer (Biotek Instruments, Inc., Winooski, VT). For the in vitro
stability analysis, CPP-dmCocE constructs (100 ng/mL) in PBS (pH 7.4) were pre-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 studies were done in triplicate with at least three independent measurements
(n ≥ 3).

Data analysis and curve-fitting were conducted using Prism 5 (GraphPad Software, San
Diego CA). For the cocaine hydrolyzing activity assays, the data points were fit via non-
linear regression to the Michaelis-Menten equation, taking into account the enzyme

concentrations. For the in vitro stability assays, the ratios of apparent  of each sample
aliquot, which were determined by the Michaelis-Menten kinetics and reflected the apparent
cocaine-hydrolyzing efficiency, were fit to the single-phase exponential decay with pre-
incubation time at 37 °C.

Cell culture
CPP-dmCocE constructs and dmCocE were labeled with FITC at their primary amino
groups. In brief, CPP-dmCocE solutions (10 mg/mL in 0.1 M carbonate buffer, pH 9.2) were
incubated 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 incubation, the excess FITC was removed using a Sephadex G-25 desalting
column (GE Healthcare). The concentrations and degrees of labeling of the FITC-labeled
dmCocE and CPP-CocE constructs were determined by measuring the absorbances at 280
nm and 494 nm. The FITC-labeled enzymes were then concentrated, flash frozen in liquid
nitrogen, and stored at −80 °C prior to use.
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HeLa cells were seeded at a density of 3 × 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 ~60 % (approximately 24 hours after
seeding), cells were incubated with FITC-labeled enzymes (5 µM) in a FBS-free MEM-α
medium at 37 °C for 2 hours. After incubation, the treated HeLa cells were washed three
times with 10 mg/mL of heparin sulfate in PBS (pH 7.4). Heparin is added in the wash
buffer to facilitate the removal of the non-internalized CPP-CocE 40, which is achieved by
competing for binding of the heparan sulfate proteoglycans to the CPP moieties of the CPP-
CocE products. 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
with a Nikon Eclipse TE2000S inverted fluorescence microscope using a 20X objective and
three channels (DIC (differential interference contrast), Hoechst 33258, and FITC). Cell
images were acquired and analyzed with Metamorph® software (Molecular Devices
Corporation, Sunnyvale, CA).

Results
CPP-S-S-dmCocE chemical conjugates

Two disulfide-bridged chemical conjugates, Tat-S-S-dmCocE and LMWP-S-S-dmCocE,
were synthesized using a bi-functional cross-linker SPDP. The elution profile (Figure 3)
indicated that both of these chemical CPP-dmCocE conjugates could be purified by heparin
affinity chromatography. In the absence of a 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, indicating that these two CPP-CocE
chemical conjugates bind strongly to the heparin column.

Another interesting observation from the heparin chromatogram is that, during the chemical
conjugation reaction between LMWP-PDP and dmCocE, at least three variants of LWMP-S-
S-dmCocE, likely with different numbers and/or locations of LMWP, were generated. Based
on its backbone and three-dimensional structure, each CocE (and dmCocE) molecule has
four sulfhydryl groups, three of which are on the surface and accessible to chemical
conjugation38. Moreover, LMWP itself is known to have a strong binding affinity to a
heparin column and can only elute at 1.0 M or higher concentrations of NaCl29. Thus, it is
reasonable to suggest that these three LMWP-S-S-dmCocE variants eluting at 0.8, 1.2, and
1.6 M NaCl have one, two, and three LMWP groups conjugated on each dmCocE molecule.
On the other hand, only one variant of Tat-S-S-dmCocE was formed during the chemical
conjugation reaction between Tat-PDP and dmCocE. The ratio of unreacted dmCocE in this
conjugation reaction was also found to be higher than that in the LMWP-S-S-dmCocE
conjugation reaction.

Table 1 shows the yield and activity of CPP-S-S-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, because the
amount generated was only sufficient for the subsequent cellular uptake studies.

Recombinant CPP-dmCocE Fusion Proteins
Four recombinant vectors derived from pET22b(+)-dmCocE were constructed to produce
CPP-dmCocE fusion proteins in E. coli. pTat-N-dmCocE (Figure 4a) and pLMWP-N-
dmCocE (Figure 4b) both have a CPP sequence appended at the beginning of dmCocE gene.
In contrast, pdmCocE-C-Tat (Figure 4c) and pdmCocE-C-LMWP (Figure 4d) both have a
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CPP sequence at the end of the C-terminal 6-histidine tag on the dmCocE gene. 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 to allow for greater flexibility of the CPP chains.

These four CPP-dmCocE fusion proteins were expressed as soluble, histidine-tagged
proteins in E. coli; only small amounts were insoluble and found in the pellet of cell lysate
(Figure 5). Very little of the CPP-dmCocE fusion protein appeared in the flow-through or in
the wash buffer containing 5 µM imidazole, indicating that the binding affinity between the
6-histidine tag and the Co2+ metal ion in the Talon™ column was not impaired by the
addition of the CPP groups. Contaminants in the crude eluate of the four CPP-dmCocE
fusion proteins from a Talon™ column were further separated by Q-Sepharose anion-
exchange chromatography. After Q-sepharose purification, the purity of the CPP-dmCocE
products was at least 99%, which were determined by image analysis of SDS-PAGE results.

The recovery of four CPP-dmCocE fusion proteins in each purification step is shown in
Table 2. Approximately 700 mg of total soluble protein was produced from the cultures
expressing CPP-dmCocE fusion proteins, which was similar to the expression of native
dmCocE in E. coli (data not shown). The first purification step, Co2+ metal affinity
chromatography, successfully enriched the CPP-dmCocE 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 less than 5 U/mg to approximately 30
U/mg, indicating an at least six-fold increase. However, a 20–30% protein loss also occurred
after the Co2+ metal affinity chromatography. This protein loss may be attributed to the
relatively small amount of protein eluted in flow-through and wash buffer, based on the
analysis of the SDS-PAGE results (see Figure 5). The second purification step, Q-Sepharose
anion-exchange chromatography, successfully separated the impurities co-eluting with the
CPP-dmCocE fusion proteins from the Talon™ column. According to Table 2, the recovery
from the Talon™ column purification to the Q-sepharose chromatography was at least 97%,
and the specific enzyme activity was further increased to around 30 U/mg. This consistent
specific activity among the four fusion proteins implied that the purification scheme works
consistently, and the percentage yield after purification was expected to be higher because of
the higher initial mass quantity. Regarding the final yields in mass quantity, the CPP-
dmCocE produced in the highest mass quantity (mg) was dmCocE-C-Tat (73 mg), followed
by Tat-N-dmCocE (33 mg), dmCocE-C-LMWP (10 mg), and then LMWP-N-dmCocE (7
mg). In general, the amount of CPP-dmCocE fusion proteins accounts for 1–10% of the total
soluble proteins in E. coli, and the C-terminal, Tat-attached CPP-dmCocE variants showed
higher production yield compared with the N-terminal, LMWP-attached variants.

Since chemical CPP-dmCocE conjugates have shown a strong binding affinity to the heparin
column (see Figure 3), it was of interest to determine if recombinant CPP-dmCocE fusion
proteins also possess a similar binding affinity. The elution chromatogram of Tat-N-
dmCocE and dmCocE-C-Tat (Figure 6) indicated that Tat-dmCocE products were also able
to bind to a heparin affinity column, and did not elute until approximately 1 M NaCl. In
contrast, native dmCocE showed no binding affinity to the heparin column and eluted before
the salt gradient. This heparin binding affinity of CPP-dmCocE fusion proteins (and
chemical CPP-dmCocE conjugates) to a heparin column indicates that the CPP groups were
exposed on the enzyme surface, which was favorable for the interaction with the negatively
charged extracellular proteins and hence should facilitate cellular uptake.

Cocaine Hydrolyzing Activity
The specific cocaine hydrolyzing activities of the disulfide-bridged LMWP-S-S-dmCocE
chemical conjugates, as well as the four CPP-dmCocE fusion proteins, are shown in Table 3.
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The three peaks of LMWP-S-S-dmCocE chemical conjugates seen in Figure 3 have cocaine-
hydrolyzing efficiency slightly lower than that of native dmCocE. On the other hand,
compared with native dmCocE, the four fusion proteins show a ~50% reduction of cocaine-
hydrolyzing efficiency. This reduction in cocaine-hydrolyzing activity apparently came from
their slightly lower kcat, and significantly higher KM (ranging from 30% to 70% of increase)
relative to 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 of .

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 efficiency ( ) over time (Table 4,
Figure 7). The attachment of the CPP groups had different impacts on the stability of each
CPP-CocE fusion protein. Compared with native dmCocE, the two C-terminal CPP-
dmCocE variants (Tat-C-dmCocE and LMWP-C-dmCocE) were less stable, whereas
LMWP-N-dmCocE possessed a half-life and MRT (mean residence time; the average
duration that a dmCocE or CPP-dmCocE molecule remains active) similar to those of
dmCocE. Interestingly, Tat-N-dmCocE displayed a prolonged half-life and MRT; which
were 1.3-fold higher over that of dmCocE, and was comparable to the most stable CocE
variant reported in the literature7. Based on an additional in vitro stability study containing
prolonged time points, Tat-N-dmCocE still maintained 52% of its cocaine-hydrolyzing
efficiency even after incubation at 37 °C for 24 hours (data not shown). Another interesting
observation is that the efficiency decay curve of dmCocE-C-Tat (Figure 7, solid squares) did
not completely follow the anticipated one-phase exponential decay during the 12-hour
incubation (Figure 7, broad solid line) but showed a slower decrease after incubating for six
hours. This observation did not occur in the other three CPP-dmCocE fusion proteins, native
CocE, or any known CocE variants reported previously4, 6, 7.

Cellular Uptake behavior of Six CPP-dmCocE Variants
After incubating with HeLa cells for 2 hours at 37 °C, at a concentration of 5 µM, all six
FITC-labeled CPP-dmCocE constructs penetrated and accumulated into the living HeLa
cells, generating a significant intracellular fluorescence (Figure 8). In comparison, FITC-
labeled dmCocE at the same concentration showed no cell penetrating activity, and its
fluorescence signals were almost non-detectable after wash. Hence, the cell penetrating
abilities of the CPP-dmCocE constructs were obviously attributed to the attached CPP
groups, namely Tat or LMWP. In addition, the morphologies of the cells treated with CPP-
dmCocE appeared normal and similar to those of PBS-treated cells. The normal cell
morphology of the CPP-dmCocE treated cells excluded the possibility that the uptake was
due to cell membrane disruption. This conclusion was further supported by trypan blue
exclusion, which indicated the membrane integrity of the cells loaded with CPP-dmCocE
variants was not compromised (data not shown).

Although all six CPP-dmCocE constructs possessed cell-penetrating activity, their
distribution after cell internalization showed different phenotypes. First, compared with the
CPP-dmCocE chemical conjugates, CPP-dmCocE fusion proteins exhibited a clear
enrichment in the nucleus (Figure 8e–h). This nuclear accumulation of CPP-dmCocE fusion
proteins was even more apparent for dmCocE-C-Tat and dmCocE-C-LMWP (Figure 8g and
8h). Since Tat and LMWP are also known to have DNA-binding activity 41, 42, the nuclear
accumulation of these four CPP-dmCocE fusion proteins may be accounted for in terms of
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the ability to cross the nuclear membrane and bind to DNA. Second, some CPP-dmCocE
constructs showed a homogenous distribution in the cytoplasm. The chemical conjugate
LMWP-S-S-dmCocE (Figure 8d), as well as two fusion proteins dmCocE-C-Tat (Figure 8g)
and dmCocE-C-LMWP (Figure 8h), dispersed evenly and without any condensation in the
cytoplasm. This homogenous distribution suggests that after cell internalization these three
CPP-dmCocE constructs were not confined in the cytoplasmic sub-compartments such as
endosomes. In comparison, the other chemical conjugate (Tat-S-S-dmCocE, Figure 8c) and
fusion proteins (N-Tat-dmCocE and N-LMWP-dmCocE, Figure 8e and 8f) showed a
“spotty” distribution in the cytoplasm. In general, the two chemical conjugates showed
primarily cytoplasmic distribution, while all the four recombinant fusion proteins displayed
both nuclear and cytoplasmic localization, with dmCocE-C-CPP exhibiting higher
cytoplasmic distribution during cellular uptake.

Discussion
In this research, we developed CPP-dmCocE variants by linking CPP and dmCocE via
either chemical conjugation or genetic recombination. Each of these two strategies possesses
its own advantages. The chemical conjugation strategy potentially presents a major
advantage owing to the formation of cleavable disulfide linkages. Once the disulfide-bridged
CPP-dmCocE conjugates enter the reductive intracellular environment, the linkage between
the CPP and dmCocE should be rapidly cleaved, resulting in the release of dmCocE. This
self-detachable behavior can minimize the potential interference from CPP, and therefore
maintain the full enzymatic activity of dmCocE. More importantly, without the coupled CPP
group, dmCocE itself is not cell permeable and will be permanently entrapped inside the
cytoplasm. Thus, CPP detachment should prevent any potential backward translocation of
dmCocE from the cytoplasm to the extracellular environment, and guarantee the
effectiveness of cell encapsulation.

Despite the advantage of having a detachable CPP, these CPP-dmCocE chemical conjugates
also possess two major drawbacks. First, since an activated CPP could randomly attach to
any of the three surface sulfhydryl groups on dmCocE, the location and number of CPP on
each chemical conjugate would vary. Indeed, the elution profile from the heparin affinity
chromatography (Figure 3) is consistent with three forms of LWMP-S-S-dmCocE with
different number and/or location of LMWP in this preparation. Second, since not all of the
reactants (CPP and dmCocE) could be converted into desired products (CPP-dmCocE
conjugates), an additional purification step was required to separate the conjugates from
unreacted substrates, and the final yields of both chemical conjugations in mass quantity
were low (25% and 7%; see Table 1). The yield of chemical conjugation could be scaled up;
however, to achieve a yield similar to those of CPP-dmCocE fusion proteins, the expense of
a scaled-up conjugation approach would be ~1000 times higher than that of a single-step
genetic recombination approach, based on a similar laboratory setup as used in this study.
The aforementioned two limitations were consistent with our observations, and would
potentially occur to all of the CPP-protein products derived from the chemical conjugation
strategy.

Another interesting observation is that, in the preparation of Tat-S-S-dmCocE, only one
form of conjugate was generated, and the ratio of unreacted dmCocE was shown to be
higher than that in the preparation of LMWP-S-S-dmCocE. One possible explanation for
this would be that, according to their amino acid compositions, Tat has a lower isoelectric
point (pI = 12.7) than LMWP (pI = 13.5). At pH 7.4, Tat would presumably be less
positively-charged compared with LMWP, and therefore would exhibit a weaker
electrostatic attraction to the negatively-charged CocE (pI ~4.7). Since the electrostatic
attraction between CPP and CocE was known to facilitate the chemical conjugation reaction,
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a weaker interaction between Tat and CocE might result in less efficient conjugation
kinetics. This, in turn, would likely generate fewer types of Tat-S-S-dmCocE variants and
leave a higher ratio of the unreacted dmCocE, relative to that in the LMWP-S-S-dmCocE
conjugation.

An advantage of the genetic recombination strategy over chemical conjugation is that,
genetic recombination provides precise control of the CPP number and location on a CPP-
dmCocE fusion protein, as its primary structure is exactly encoded in its DNA sequence.
This precise control ensures the reproducibility in production of the CPP-dmCocE fusion
proteins. Moreover, according to its three-dimensional structure8, 38, the two termini of
dmCocE are exposed outside the surface and also away from the enzyme catalytic center.
Hence, the incorporated CPP groups would neither be buried inside, which could lead to a
reduced or no cellular uptake, nor impair the enzymatic activity of CocE. This proposition
was supported by the elution profile from the heparin affinity column (Figure 6) and the
enzyme kinetics (Table 3) of all of the recombinant CPP-dmCocE conjugates. In addition,
the E. coli expression system established for dmCocE was also shown to be applicable to
generating CPP-dmCocE fusion proteins in soluble forms. In this expression system, the
amount of total soluble protein production in cultures expressing dmCocE and CPP-dmCocE
fusion proteins were similar. This result suggests that CPP-dmCocE fusion proteins were not
toxic or harmful to E. coli, at least no more so than dmCocE itself.

Despite this advantage, two major limitations related to the production of the CPP-dmCocE
fusion proteins must be addressed. First, the CPP sequence can only be expressed in tandem;
i.e., at the beginning (N-terminus) and/or the end (C-terminus) of the dmCocE sequence.
Second, the insertion of CPP sequence might interfere with the expression of dmCocE,
lowering its yield or solubility. As seen in Table 2, the expression level of CPP-dmCocE
fusion proteins was significantly lower than that of native dmCocE. This reduced expression
could be attributed to the codon usage bias in E. coli. Specifically, both Tat and LMWP are
composed of a cluster of arginine residues, the amino acid that was known to be encoded in
the rarest codons in E. coli and also translated far slower than other amino acids43. Thus,
incorporation of Tat or LMWP could hamper the overall expression of CPP-CocE fusion
proteins, leading to a lower production yield. The CPP interference was reported to be more
pronounced if these arginine-rich sequences were inserted at the N-terminus, where the
protein translation starts44. This phenomenon was in the agreement with our observations, in
which the expression level of the N-terminal CPP-dmCocE fusion proteins (Tat-N-dmCocE
and LMWP-N-dmCocE) was lower than those of the C-terminal ones (dmCocE-C-Tat and
dmCocE-C-LMWP). This deficiency may be avoided by re-engineering the arginine codons
in the constructs to utilize arginine codons that are optimal for high levels of expression in
E. coli.

For both the chemical conjugation and genetic recombination approaches, although
attaching Tat or LMWP on dmCocE does not abolish the enzyme activity, this attachment
nevertheless reduces the binding affinity, i.e., increases the KM value (see Table 3), of
dmCocE for its cocaine substrate. 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 yield a repulsive interaction to
cocaine, preventing it from accessing the catalytic center of CocE.

Another noteworthy aspect of the CPP-dmCocE fusion proteins is on their in vitro thermal
stability at 37°C. According to the recently published literature, under the in vitro and non-
reductive environment, CocE (and dmCocE) undergoes a dimerization process that involves
many residues in the N- and C-terminus of CocE35. This dimerization does not impair the
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enzymatic activity of CocE variants, but seems to play an essential role in their in vitro
stabilization. Furthermore, all mutations that stabilize CocE dimerization have shown to
significantly improve the thermal stability of CocE6, 7. Given the fact that the CocE
dimerization involves largely the N- and C-terminal regions of CocE and has a major
influence on the stability, it is reasonable to assume that attaching CPP on either terminus of
dmCocE might impair the dimerization, thus reducing the in vitro stability at 37 °C.
Interestingly, the N-terminus attached CPP-dmCocE variants displayed a stability profile
identical to that of dmCocE within the experimental error (Table 4), whereas the C-terminus
attached CPPs were roughly 2-fold less stable than dmCocE. It should be noted that
aggregation was reported to be the major mechanism of CocE deactivation35, and it was also
a common issue encountered in many CPP-fused, negatively charged proteins45.

Although all of the six FITC-labeled CPP-CocE variants displayed translocations and
accumulation inside the HeLa cells, their intracellular distributions differed. As discussed
previously, the disulfide bonds in the two chemical CPP-dmCocE conjugates were likely
degraded by the elevated reductase activities in the cytosol, leaving the membrane-
impermeable dmCocE permanently entrapped, consistent with the even distribution
observed inside the cells. In contrast, the four recombinant CPP-dmCocE fusion proteins all
displayed a certain degree of nuclear localization, presumably due to the strong DNA
binding affinity of CPP. Interestingly, nuclear accumulation was more profound for
dmCocE-C-Tat and dmCocE-C-LMWP. It was reported that the polyhistine polymer (n>5)
also possessed DNA binding affinity46. Since the CPP groups in these two fusion proteins
were attached to the C-termini that were directly adjacent to the 6-histidine tags, the DNA
binding affinity of both dmCocE-C-Tat and dmCocE-C-LMWP was enhanced, leading to a
more distinct nuclear localization. Furthermore, our results also showed that dmCocE-C-Tat
and dmCocE-C-LMWP were not confined inside the endosomes after cell internalization
(Figure 8g and 8h). Normally, when CPPs were used to deliver a protein into cells, at least
some of CPP-protein conjugates would internalize via endocytosis and therefore localize in
the endosomes, forming condensed “bright spots” or vesicular structures in the cytoplasm
under microscope27, 34. Hence, for these two CPP-CocE constructs, it would be reasonable
to assume that their homogenous cytoplasmic distribution was not related to the types of
CPP. To this regard, further investigation of cytoplasmic distribution among different CPP-
CocE variants is necessary to fully elucidate the cell translocation mechanism. Regardless of
its detailed mechanism, this non-endosomally-confined cytoplasmic delivery is beneficial
for the cell-encapsulated CocE, because acidic pH and presence of various proteolytic
enzymes inside the endosomes47 would degrade the encapsulated CocE rapidly. Clearly, a
homogenous, cytosol-distributed CocE would be more preferable for in vivo cocaine
detoxification.

Table 5 summarizes findings of all of the six CPP-dmCocE constructs created in this
research. The LMWP-S-S-dmCocE chemical conjugate showed a homogenous cytoplasmic
distribution and the highest cocaine-hydrolyzing activity. However, the low production yield
(3.9 mg per batch) would hamper its potential for clinical application. On the other hand, the
dmCocE-C-Tat fusion protein also displayed a homogenous cytoplasmic distribution.
Although its cocaine-hydrolyzing activity ranked as the second highest, it nonetheless gave
the largest production yield (73 mg per batch), which was about 20-fold higher than LMWP-
S-S-dmCocE. Also noteworthy CPP-CocE variant is Tat-N-dmCocE. It displayed a half-life
(5.76 hour) that is 1.3-fold higher over that of DMCocE and almost identical to the most
stable CocE variant reported to date7. Based on a balanced consideration of essentials for
clinical application, including parameters such as high cocaine-hydrolyzing efficiency, large
production yield, major cytoplasmic distribution, etc., the dmCocE-C-Tat fusion protein
seems to be the most ideal candidate from this investigation.
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Based on the results presented in this research, further studies that involve the applications
of cell-permeable CPP-CocE products in established, clinically relevant mouse models8, 11

are currently underway in our laboratories. One potential clinical application of CPP-CocE
is CocE-encapsulated RBC. Owing to the enucleated and relatively inert intracellular
environment of RBC, the CocE encapsulated inside the RBC should be even more stable and
therefore exhibit the same “life-span” as the host RBC. Normally, human RBC have a life-
span of 120 days48, which is significantly longer than the half-life of dmCocE (~4.5 hours)
and the life-span of any known synthetic drug carrier. In our previous publication, we
already confirmed the feasibility of this RBC encapsulation strategy by using the clinical
protein drug asparaginase as an example11. Another potential application of CPP-CocE
products is through nasal delivery. The CPP-CocE internalized in the nasal epithelial cells
would escape proteases and capillary clearance on the nasal mucous membrane, and
therefore can remain active. Furthermore, the CPP-CocE internalized in the nasal cells
would gain an opportunity to enter the CNS via the olfactory region49. A proof of concept
was provided by Janda’s group in 2004, who displayed a cocaine-binding protein on the
surface of a CNS-penetrating bacteriophage50. Through an intranasal administration, this
construct has shown the ability to enter the CNS, sequester cocaine in the brain and block its
psychoactive effects. Our preliminary observations also indicated that a CPP-conjugated
protein can cross the nasal mucosal barrier to reach the brain target (unpublished data).

Overall, this research demonstrates that the attachment of a CPP group enables CocE to be
cell permeable while maintaining the enzymatic activity. More importantly, this work also
reveals that different ways of CPP attachment can potentially influence a variety of in vitro
properties, including the cellular uptake phenotype, of the CPP-attached CocE. Findings
from this research are not only useful for developing other new CPP-CocE constructs, but
also valuable for establishing a non-disruptive cell-encapsulation technology for other
protein therapeutics that are known to be immunogenic or suffer from rapid extracellular
degradation for direct clinical application.
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Abbreviations

CPP cell penetrating peptides

CocE bacterial cocaine esterase

dmCocE T172R/G173Q-CocE

DIC differential interference contrast

DMSO dimethyl sulfoxide

DTT dithiothreitol

E. coli Escherichia coli
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FPLC fast protein liquid chromatography

FBS fetal bovine serum

FITC fluorescein isothiocyanate

HBSS Hank’s balanced salt solution

IPTG isopropyl-β-thiogalactopyranoside

LMWP low molecular weight protamine

MEM-α minimum essential medium α

MRT mean residence time

PCR polymerase chain reaction

PEG polyethylene glycol

P2T Pyridine-2-thione

RBC red blood cells

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SPDP N-succinimidyl 3-(2-pyridyldithio)-propionate

t1/2 half-life
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Figure 1.
Scheme of chemical conjugation of CPP to dmCocE by using SPDP as the crosslinker.

Lee et al. Page 18

Mol Pharm. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Schematic design for the four recombinant CPP-dmCocE fusion proteins. Double-stranded
DNA fragments (dsDNA) with restriction sites at both termini were generated by a
mutagenic PCR to facilitate the insertion of CPP sequences; see the Materials and
Experiments section for detailed information.
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Figure 3.
Chromatograms of Tat-S-S-dmCocE (gray line) and LMWP-S-S-dmCocE (black line) from
a heparin column. The NaCl concentration applied in elution was shown in dotted line. Tat-
S-S-dmCocE (indicated in arrow) eluted at 0.75 M NaCl whereas LMWP-S-S-dmCocE
eluted in three peaks at 0.8 M (Peak #1), 1.2 M (Peak #2), and 1.6 M (Peak #3) of NaCl,
respectively. Unreacted dmCocE eluted at the beginning without NaCl gradient.
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Figure 4.
Partial schematic maps of DNA/protein sequence in the beginning (a, b) or the end (c, d)
regions of recombinant CPP-dmCocE fusion proteins on the corresponding expression
vectors. Except BamHI sites, all other restriction sites (NdeI, XhoI) are from the original
pET22b(+)-dmCocE vector.

Lee et al. Page 21

Mol Pharm. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
SDS-PAGE analysis of expression and purification of four CPP-dmCocE fusion proteins (a)
Tat-N-dmCocE, (b) LMWP-N-dmCocE, (c) dmCocE-C-Tat, and (d) dmCocE-C-LMWP.
Lane M: Mark12™ protein molecular weight standard (Invitrogen); Lane P: the pellet
fraction of cell lysate; Lane L: the supernatant fraction of cell lysate; Lane FT: flow-through
fraction; Lane W: wash fraction; Lane 1–5: elution fraction containing dmCocE. Lane FT to
Lane 5 were obtained after passing through from the Talon™ column.
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Figure 6.
Chromatograms of Tat-N-dmCocE (black line) and dmCocE-C-Tat (gray line) from a
heparin column. The NaCl concentration applied in elution is shown in dotted 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 line) eluted at the beginning without NaCl gradient.
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Figure 7.
In vitro thermal stability of four CPP-dmCocE fusion proteins at 37 C°. 100 ng/mL of Tat-
N-dmCocE (open square), LMWP-N-dmCocE (open triangle), dmCocE-C-Tat (solid
square), and dmCocE-C-LMWP (solid triangle) in PBS (pH 7.4) were pre-incubated at 37
°C, and aliquots were taken at different time points. The remaining cocaine-hydrolyzing
efficiency of the aliquots, which was represented by the ratio of apparent kcat over KM

( ), was evaluated as percentage of the value of the non-incubated CPP-dmCocE fusion
proteins, and was then fit to the single-phase exponential decay with pre-incubation time.
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Figure 8.
Internalization of six CPP-dmCocE constructs in HeLa cells. The cells were incubated with
5 µM of dmCocE (b) or CPP-dmCocE constructs (c–h) for 2 hours at 37 °C. After
incubation, cells were washed extensively with 10 mg/mL heparin in PBS, counterstained
the nuclei with Hoechst 33258, and their images were then acquired by fluorescence
microscopy. Nucleus was detected from the Hoechst 33258 channel (blue), and dmCocE and
CPP-dmCocEs were detected from the FITC channel (green). Cell morphology was acquired
from the DIC microscopy in gray scale.
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Table 5

In vitro characteristics and cellular uptake behaviors of CPP-dmCocE variants.

Yield in Mass
Quantity Per
Batch (mg)

% Efficiency
Compared with

dmCocEb

In Vitro t1/2 at
37 °C (hr)

Cytoplasmic
Distribution

Chemical Conjugates

Tat-S-S-dmCocE 1.1 (±0.1) n/a n/a Condensed

LMWP-S-S-dmCocE 3.9a 77–85 n/a Homogenous

Recombinant Fusion Proteins

Tat-N-dmCocE 32.7 (±0.2) 53 5.76 (±1.45) Condensed

LMWP-N-dmCocE 7.3 (±0.1) 45 4.83 (±1.78) Condensed

dmCocE-C-Tat 73.3 (±2.3) 50 1.66 (±0.39) Homogenous

dmCocE-C-LMWP 10.3 (±0.3) 49 2.98 (±0.57) Homogenous

a
The total protein level of three forms of LMWP-S-S-dmCocE in Table 1.

b
Compared with the  value of dmCocE (see Table 3).
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