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Chapter 2 

 

The Delivery of tRNA to Cultured Mammalian Cells 

Mediated by Peptide Transduction Domains 
 

 

Abstract 

 

In vivo incorporation of unnatural amino acids using nonsense suppression is a powerful 

technique to study proteins.  However, one challenge to the method is that the amount of 

unnatural protein that can be produced is directly limited by the amount of unnatural 

aminoacyl-tRNA presented to the cellular translation machinery.  Therefore, the success 

of this technique depends heavily on the ability to deliver aminoacyl-tRNA, which is 

produced in vitro, into cells.  Currently, the most commonly used system involves 

injection of a Xenopus oocyte.  It is desirable to transfer the technology to a mammalian 

expression system, but because mammalian cells are so much smaller than oocytes, 

injection is not a practical delivery method, so other techniques must be utilized.  An 

intriguing possibility is the use of protein transduction domains (PTDs), small peptides 

that greatly enhance the internalization of extracellular material.  Several PTD-based 

approaches for tRNA delivery were attempted:  covalent ligation of tRNA to a PTD, 

noncovalent complexation of tRNA and PTDs, and production of a fusion protein 

containing a PTD and a tRNA-binding domain.  However, none of these methods was 

useful in delivering tRNA into mammalian cells in culture.   
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INTRODUCTION 

Unnatural Amino Acid Incorporation by Nonsense Suppression 

Proteins are the workhorses of the cell.  This class of biological macromolecules 

is involved in essentially every process necessary to sustain life [1].  Given the incredible 

diversity of protein functions, it is remarkable that practically all proteins in all forms of 

life are built from a set of just twenty amino acids.  Within each protein, specific residues 

play important roles, giving the protein the characteristics required to carry out its 

function [2].  Obtaining a detailed understanding of a protein’s operation as a molecular 

machine depends heavily on the elucidation of its important residues and the roles that 

they perform.   

A common method for studying proteins involves mutating particular residues to 

other amino acids and determining how the change affects protein function.  This 

technique can provide a wealth of information about the involvement of the residues in 

intra- and intermolecular binding and recognition interactions as well as the catalytic 

mechanisms of enzymes.  With the discovery of the genetic code, the site-specific 

mutation of one amino acid to another has become a straightforward process.  However, 

conventional mutagenesis techniques are limited to the set of twenty natural amino acids, 

which provide a relatively narrow range of chemical functionalities.   

To overcome this limitation, a technique for incorporating unnatural amino acids 

has been developed to expand the set of amino acids available for mutagenesis beyond 

the natural twenty [3].  A wide variety of amino acids, subtly or drastically different from 

the natural amino acids, have been site-specifically incorporated into proteins, which has  
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Fig. 2.1.  The nonsense suppression method for unnatural amino acid incorporation. 

opened the door to a whole world of new experiments.  Proteins can be studied in much 

finer detail, and proteins with novel properties can be generated [4–8].   

The technique takes advantage of the phenomenon known as nonsense 

suppression, in which a codon that ordinarily is noncoding is manipulated and used to 

incorporate a unique amino acid (fig. 2.1) [9, 10].  The site of interest within the gene is 

mutated to a stop codon, which normally signals for the termination of translation and has 

no cognate tRNA molecules.  In addition, the desired unnatural amino acid is chemically 

ligated to a specially designed suppressor tRNA containing the stop anticodon.  The 

mutated gene and the suppressor tRNA are presented to the cellular translational 

machinery, either in vivo or in vitro.  The synthesis of the protein proceeds normally at 
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first, but when the machinery reaches the stop codon that has been inserted into the gene, 

instead of terminating translation, it binds the suppressor tRNA and appends the 

unnatural amino acid to the nascent polypeptide chain.  The rest of the polypeptide is then 

synthesized normally, producing a full-length protein with the unnatural residue at the 

desired site.   

An important challenge in the production of unnatural proteins by this method is 

the fact that the unnatural aminoacyl-tRNA is a stoichiometric reagent.  Because the 

aminoacyl-tRNA is not regenerated, the number of proteins that can be produced is 

directly limited by the number of aminoacyl-tRNA molecules delivered to the system.  

Therefore, this technique hinges on the ability to deliver sufficient amounts of tRNA to 

the ribosomes.  Until recently, the only in vivo expression system that could be used to 

generate and study unnatural proteins was the oocyte of Xenopus laevis [11, 12].  Its large 

size allows for easy tRNA delivery by injection through the membrane.   

Although in many cases the Xenopus oocyte system works well, there are clear 

benefits to transferring this technology to a mammalian cell expression system.  Many of 

the proteins that have been studied with unnatural amino acids are ion channels of 

mammalian origin.  Several of these channels do not express well in oocytes, and it is 

likely that their expression could be improved in a more native environment.  

Furthermore, expression in mammalian cells will allow for studies on signaling pathways 

that are absent in oocytes.  However, progress on developing a mammalian cell 

expression system for unnatural proteins has been slow, because mammalian cells 

(~10 μm in diameter) are so much smaller than oocytes (~1 mm in diameter), making it 

much more difficult to deliver enough tRNA to produce a detectable amount of protein.   
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Our lab has only recently developed the methodology for generating unnatural 

proteins in mammalian cells [13].  Electroporation was chosen from a number of 

transfection techniques as the most suitable method for delivering the mutated mRNA 

and suppressor tRNA to the cells.  Although this technique works reasonably well, other 

methods should be explored to improve the delivery of tRNA, and as a result, produce 

more protein.   

 

Protein Transduction Domains 

An intriguing possibility is the use of protein transduction domains (PTDs) as 

delivery agents for tRNA.  PTDs, also known as cell-permeable peptides or CPPs, are 

relatively short peptides, ranging from 7 to ~40 residues in length, that have the 

capability to cross through biological membranes [14–17].  At least twenty distinct 

sequences from natural proteins have been discovered to have PTD properties, and many 

derivatives of these have been developed.  The best characterized include the PTDs from 

the Antennapedia homeoprotein from Drosophila (Antp or penetratin) [18] and the  

HIV-1 transactivator of transcription (Tat) [19].   

Amazingly, the peptides can confer their translocation properties to other 

molecules.  Conjugation or tight noncovalent association of PTDs to other molecules or 

molecular assemblies facilitates the delivery of the full cargo into the cytoplasm.  The 

diverse range of the cargo that PTDs have delivered includes other peptides [20, 21], 

fluorophores and drugs [22, 23], full-length proteins [24–26], DNA and peptide nucleic 

acids [27–29], magnetic nanoparticles [30], and intact liposomes [31].  Thus, PTDs  
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Table 2.1.  Primary sequences of selected PTDs. 

 
a
 Basic residues are shown in blue to highlight their abundance.  

b
 MPG has an acetyl 

group (Ac) at its N-terminus and a cysteamide residue (Cya) at its C-terminus.  

appear to act as nonspecific delivery agents, and the mechanism of the uptake of PTDs 

into cells has been an area of intense research.   

Other than the fact that PTDs generally contain many basic and hydrophobic 

residues, they do not have any obvious sequence or structural similarity, as shown by the 

examples in table 2.1, which contains the sequences of the PTDs that were used in this 

study.  Initial experiments indicated that PTDs were able to cross membranes rapidly in 

an energy-independent, receptor-independent, and nonendocytotic manner.  However, 

more recent work has demonstrated that most of these assertions were based on 

artifactual results [32–36].  The current leading hypothesis on the translocation of PTDs 

involves tight, nonspecific binding of the PTD to the cell surface phospholipids and 

polysaccharides through electrostatic interactions, followed by endocytosis and release 

from the endosomes into the cytoplasm or nucleus.  There is still debate on the precise 

details, however, and it is possible that in some cases, PTDs may actually traverse the 

membrane via a nonendocytotic mechanism [36–38].   

PTDs are an attractive option for efficient delivery of unnatural aminoacyl-tRNA 

into mammalian cells.  There are several PTD-based approaches for tRNA delivery:  

covalent ligation of a PTD to a tRNA molecule, the formation of large noncovalently 

associated PTD/tRNA complexes, and the generation of a fusion protein consisting of a 

PTD Sequence
a

Antp RQIKIWFQNRRMKWKK

Tat YGRKKRRQRR

MPG
b

Ac-GALFLGFLGAAGSTMGAWSQPKSKRKV-Cya
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tRNA-binding domain linked to a PTD.  There are no reports of tRNA delivery with 

PTDs in the literature, so all of these options were explored to determine which, if any, is 

the most viable method.   

 

RESULTS AND DISCUSSION 

Covalent Ligation 

The most straightforward methodology for employing PTDs to transfect 

mammalian cells with tRNA involved forming covalently linked conjugates.  Although 

this approach has not been previously reported for RNA delivery, covalently linked 

conjugates with DNA have been used several times [27, 28].  Conjugation requires the 

presence of reactive groups on both the PTD and the cargo molecule.  As short peptides, 

PTDs can be easily generated by solid-phase synthesis, which allows for a wide variety 

of reactive groups to be appended to the peptide chain.  Similarly, short oligonucleotides 

can be prepared by solid-phase techniques with an appropriate chemical group.  Many 

peptide-DNA conjugates have been made by reacting the two molecules prepared in this 

manner [39].  To date, the largest DNA strand that has been conjugated to a PTD is 55 

nucleotides in length [40].  However, for larger nucleic acids, such as plasmids, full-

length mRNA transcripts, or tRNA molecules, solid-phase synthesis is inefficient and 

prohibitively expensive.  It is much easier to generate them by biochemical means, but 

this method does not allow for the incorporation of any chemically reactive groups that 

could be used for conjugation.  Consequently, there are very few strategies for the 

chemical modification of nucleic acids.   
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One possibility that was considered for modifying a biochemically produced 

tRNA transcript involved successive treatment of the tRNA with alkaline phosphatase, to 

remove the 5’ phosphates, and polynucleotide kinase with ATP- -S, to append a 

thiophosphate to the 5’ end of the tRNA [41].  If the thiophosphate has chemical 

properties similar to thiols, it will be capable of reacting with a maleimide group attached 

to a PTD.   

The reaction of the thiophosphate-modified tRNA (tRNA-5’-S) with a PTD-

maleimide was attempted, but was not successful in forming a covalent linkage between 

the two molecules [42].  There are at least two possible explanations for the failure of this 

reaction:  (1) nonspecific association through electrostatic interactions of the highly 

negative tRNA and the positive PTDs prevented the reactive groups from coming into 

contact, or (2) thiophosphates are not very reactive towards maleimides at the 

concentrations used in our preparations.   

Explanation (1) was previously explored and found to be unlikely, for several 

reasons.  First, the formation of the conjugate was not enhanced by the presence of a high 

salt concentration in the buffer.  Ionic screening of the interactions between the tRNA 

and PTD should have decreased the amount of nonspecific binding.  Second, the use of 

Tat-4, a Tat analogue containing only 3 basic residues (instead of 7 on Antp, for 

example) did not improve the formation of the conjugate [42].   

However, explanation (2) remained to be tested.  Thiophosphates of mono- or 

dinucleotides at concentrations of ~10 mM have been shown to be at least modestly 

reactive towards maleimide reagents [43–45], but there is much less data for lower 

concentrations, such as those in the range of 1–10 μM that can be produced for  
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Fig. 2.2.  Emission spectra showing the fluorescence of PM after reaction with various 

thiol or thiophosphate compounds, relative to the fluorescence of PM alone.  A, 5 μM 

thiol/thiophosphate and 50 μM PM.  At wavelengths less than 375 nm, there were strange 

peaks in the raw data, which seemed to be related to the plate itself.  The fluorescence of 

the unreacted PM solution had an unusually large peak there, which caused the relative 

fluorescence curves shown here to dip below zero.  Despite this, the peak PM 

fluorescence is obvious at 386 nm.  B, 12.9 μM thiol/thiophosphate and 50 μM PM.  The 

fluorescence of the 2-ME solution saturated the detector.   

tRNA-5’-S.  Therefore, the hypothesis that thiophosphates at low concentrations do not 

react efficiently with maleimides was explored by using N-(1-pyrenyl)maleimide (PM) as 

a probe molecule.  PM is nonfluorescent unless a thiol or thiophosphate reacts with the 

maleimide moiety.   

The reactivity of tRNA-5’-S with PM was measured by monitoring the PM 

fluorescence.  5 μM of tRNA-5’-S, ATP- -S, and 2-mercaptoethanol (2-ME) were 

incubated with 50 μM PM, and the fluorescence emission spectrum for each reaction 

mixture was obtained after 27 hours (fig. 2.2A).  The 2-ME reacted very well with PM, 

but reaction of the thiophosphate compounds could not be detected.   

The concentration of the thiol/thiophosphate compounds was increased to 

12.9 μM, which is near to the highest practical concentration of tRNA-5’-S that can be 

produced by PNK treatment and dialysis.  This experiment did not include tRNA-5’-S 

because there was not enough material to make such a highly concentrated solution.  It is 
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clear there is some reactivity of the thiophosphate of ATP- -S with the PM (fig. 2.2B), 

but it is approximately an order of magnitude less than that of the thiol of 2-ME, which 

saturated the detector at this concentration.   

Therefore, generating a 5’-thiophosphate by AP and PNK treatment of the tRNA 

failed to provide a reactive chemical handle for linkage to PTDs.  This result, together 

with the fact that linking a PTD to any nucleic acid produced biochemically has never 

been reported in the literature, leads to the conclusion that the formation of a covalently 

linked PTD-tRNA conjugate is particularly difficult and is not a practical option for 

tRNA delivery.   

 

Noncovalent Delivery Complexes 

Because of the difficulty in preparing covalently linked PTD-tRNA conjugates, 

the method of tRNA delivery by noncovalent complexation with PTDs was explored.  

This method was used in the only report of RNA delivery with a PTD to date.  Divita and 

co-workers used the 21-residue peptide MPG to transport plasmid DNA as well as 

mRNA into the nuclei of living cells [46].  Based on this work, MPG was chosen for 

study in our system.   

MPG was prepared by solid-phase synthesis.  HPLC and MS analysis indicated 

that the final product was very pure and had the desired mass (fig. 2.3).   

 

Complexation of MPG with Nucleic Acids 

The tryptophan fluorescence of MPG can be used to monitor its complexation 

with nucleic acids [47, 48].  Plasmid DNA binds MPG with a relatively high affinity,  
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Fig. 2.3.  HPLC trace (A) and MS (B) of MPG prepared by solid-phase synthesis, 

indicating the purity of the product.  The MS peak was expected to be 2867.4, indicating 

that the desired product was synthesized. 

quenching the fluorescence of MPG by up to 30%.  In experiments with 10 μM MPG, 

only 0.5 nM DNA was required for 15% quenching (half of the full reduction of 

fluorescence), and 2 nM DNA was sufficient for maximal quenching.  As a first step in 

our work with MPG, we attempted to reproduce this work.   

Two different plasmids—pTAT (2955 bp) and pCS2 containing an EGFP gene 

(~4800 bp)—were used.  Solutions containing 10 μM MPG were incubated in buffer 

containing DNA at concentrations ranging from 0 to 19.2 μM, which should have been 

more than enough to fully quench the MPG fluorescence, according to the previous work.   

Surprisingly, we could not reproduce the previous results.  The MPG fluorescence 

decreased only slightly with the addition of DNA (fig. 2.4A), even at the highest 

concentration, and this was quite possibly due to photobleaching of the fluorophore.  

There was no indication that the DNA and MPG were forming noncovalent complexes.   

Because it contains a cysteamide moiety (table 2.1), MPG may form covalently 

linked homodimers under oxidizing conditions that may interfere with its binding to 

DNA.  The above experiment was repeated for pTAT in solutions with and without  
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Fig. 2.4.  Fluorescence quenching of 10 μM MPG due to complexation with plasmid 

DNA.  The black curves approximate the data reported by Divita and co-workers [47].   

A, Fluorescence quenching with two different plasmids.  B, Fluorescence quenching by 

pTAT with and without 30 μM DTT.   

30 μM dithiothreitol (DTT) to prevent the formation of disulfide bonds.  However, the 

presence of DTT had no influence on the fluorescence quenching (fig. 2.4B).   

It is unclear why our results differed so significantly from those seen previously.  

Despite this, we proceeded with experiments attempting to use noncovalent complexes 

with MPG to deliver both plasmid DNA and tRNA to living cells.   

 

Optimization of Cell Culture Conditions 

Because of the cost of generating peptide by solid-phase synthesis, it is important 

to develop an experimental system that minimizes the amount of the peptide required for 

application to cultured mammalian cells.  Even in the smallest commonly used culture 

dishes, which are 35 mm in diameter, the amount of medium necessary to maintain 

healthy cells is ~3 mL.  Given that MPG experiments required concentrations of 

~100 μM, if we were to use these dishes, the amount of MPG needed would be on the 

order of 1 mg per dish, which is excessive.  Therefore, we sought a culture system that  
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Fig. 2.5.  The three small-well containers used to grow cells.  A, Epizap slide, consisting 

of a glass cover slip coated with an indium-tin oxide alloy and a Teflon cover that 

surrounds a 4 x 7 mm rectangular well.  B, CultureWell slide, consisting of a glass slide 

covered with a silicone gasket that surrounds eight wells, each with a diameter of 5 mm.  

C, MatTek glass-bottom dish, consisting of a 35 mm culture dish with a 10 mm hole.  A 

glass cover slip is mounted at the bottom of the hole.   

The penny is shown for scale.   

allowed for the growth of cells in tiny wells, on the order of 30 μL instead of 3 mL, 

requiring only 10 μg of MPG per well.   

Possibilities for an appropriate culture system included Epizap slides, CultureWell 

slides, and MatTek glass-bottom dishes (fig. 2.5), all of which contain wells that can be 

fully covered with 50 μL or less of medium.  To determine the ideal system, CHO-K1 

cells were cultured in each type of container, and after 24–48 hours of growth, visualized 

to determine which had the healthiest appearance.   

The best system was found to be the MatTek dishes.  The cells on the glass cover 

slip inside the well grew nicely and remained healthy (fig. 2.6A).   

The cells on the Epizap slides also remained generally healthy (fig. 2.6B), 

although often their health was noticeably compromised compared to those in the MatTek 

dishes, as noted previously [42].  These slides were designed specifically for use with the 

Epizap electroporation system, which transfects cells with DNA from the bath solution  
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by the application of electrical pulses, and as such, were required in all the experiments in 

which the cells were subjected to the Epizap protocol.  The probable cause of the slight 

decrease in health was the coating of indium-tin oxide on the slides, used because the 

slide itself is one of the electrodes for electroporation.   

The CultureWell slides provided the harshest environment.  Many cells in the 

wells died, and even those that looked healthy did not appear to be dividing, as they were 

all spaced relatively far apart (fig. 2.6C–E).  Often, this was true even when cells that 

Fig. 2.6.  CHO-K1 cells grown in different small-

well environments.  A, MatTek dish.  B, Epizap 

slide.  C, Untreated CultureWell slide.   

D, CultureWell slide that had been washed once 

with ethanol and air-dried.  E, CultureWell slide 

washed once with ethanol and several times with 

F12 growth medium.  To improve the quality of 

the images, they were modified with the Auto 

Levels and Auto Contrast options in Photoshop.   
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were in the bottom of the dish outside of the wells looked reasonably healthy, indicating 

that the environment inside the wells was itself detrimental to the cells.  The slides were 

also subjected to different sterilization treatments before the addition of cells in order to 

determine if this would improve cell health.  Some slides were rinsed in ethanol and 

allowed to air dry in the laminar flow hood overnight, and some were rinsed once in 

ethanol and several times in growth medium.  None of these treatments had any effect on 

cellular health.  The poor health was unexpected, because these slides were specifically 

developed to culture mammalian cells in small volume compartments.   

Therefore, in most experiments that did not require electroporation, MatTek 

dishes were used.  When electroporation was required and in a few other early 

experiments, the Epizap slides were used.   

Because the purpose of the small-well containers was to minimize the amount of 

solution the cells needed to survive, it was important to make sure that the wells of the 

MatTek dishes provided a healthy environment for the cells even when covered with a 

small amount of medium.  Therefore, cells growing in a MatTek dish were subjected to 

conditions they were likely to encounter during experiments with MPG, and their health 

was monitored.  CHO-K1 cells were cultured in a MatTek dish for 2 days in a normal 

amount of F12 growth medium (2 mL).  The growth medium was removed from the dish, 

and only 30 μL of serum-free F12 was applied to the well.  The cells were incubated for 

an hour before 2 mL of fresh F12 growth medium was added to the dish.  From visual 

inspection, it was clear that the health of the cells in the well was not compromised by 

this procedure.  They remained healthy throughout the low-volume incubation and were 

still healthy 24 hours later.   
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Finally, it was important to optimize the seeding conditions for the cell cultures.  

Using too many seed cells would cause the culture to become overgrown and unhealthy, 

while using too few would reduce transfection efficiency.  Therefore, different numbers 

of CHO-K1 and HEK293 cells were used to seed cultures in MatTek dishes, and the 

culture densities were observed after 72–96 hours of growth.  The optimal seeding 

numbers were found to be 2 x 10
5
 and 1 x 10

5
 cells for CHO-K1 and HEK293 cells, 

respectively.  Therefore, these numbers of cells were used to seed cultures for subsequent 

experiments.   

Experiments with peptides began once the cell culture conditions were optimized.   

 

DNA Delivery by MPG 

Previous work has demonstrated that the application of MPG/DNA complexes is 

an effective technique for transfection of many types of mammalian cells [46–49].  The 

transfection procedure consisted simply of the preincubation of MPG with plasmid in a 

charge ratio of 5/1 (positive charges to negative charges) and addition to cells in culture, 

which resulted in robust expression of the gene on the plasmid [47].   

Our experiments utilized a wild-type EGFP reporter gene inserted into the pCS2 

plasmid (wt-EGFP DNA).  Solutions of 100 μM MPG with 6.25, 12.5, 25, or 50 nM 

DNA (charge ratios of 2.2/1, 4.4/1, 8.9/1, and 17.8/1) were prepared in serum-free F12.  

The solutions were incubated for 10 minutes and applied to CHO-K1 cells for 60 minutes 

before dilution in F12 growth medium.  The cells were imaged by fluorescence 

microscopy 24–48 hours later.   
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Fig. 2.7.  CHO-K1 cells treated with solutions containing MPG and wt-EGFP DNA.  The 

MPG/DNA ratios were 100 μM/25 nM (4.4/1 charge ratio) (A–B) and 100 μM/12.5 nM 

(8.9/1 charge ratio) (C–D).  Corresponding bright field and fluorescent images are paired.  

Exposure times for the fluorescent images were 1 s (A–B), 4 s (C), or 0.5 s (D).  To 

improve the quality of the images, they were modified with the Auto Levels and  

Auto Contrast options in Photoshop.   

The cells remained healthy throughout the experiment, indicating that 100 μM 

MPG is not toxic, in agreement with previous work.  Although a few cells expressed 

EGFP, the vast majority did not (fig. 2.7).  Thorough inspection of all the cultures 

revealed that of the thousands of cells, just 11 were fluorescent.  Eight were from the 

4.4/1 sample (fig. 2.7A–B), three were from the 8.9/1 sample (fig. 2.7C–D), and no 

fluorescent cells were found in either the 2.2/1 or 17.8/1 sample.  However, given the 

extremely low efficiency of transfection, the numbers of fluorescent cells cannot be 

meaningfully compared.  Subsequent attempts of this experiment confirmed these results, 

which suggests that contrary to previous reports, transfection by MPG is not efficient at 

all.  In fact, it is quite possible that a mechanism completely independent of MPG 

resulted in the very limited uptake of plasmid DNA into the cells.   
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Other DNA Delivery Techniques 

Although MPG failed as a delivery vector for plasmid DNA, it was still possible 

that it could be used to deliver tRNA.  Compared to plasmid DNA, tRNA is much smaller 

and has a very different three-dimensional structure.  However, testing this hypothesis 

required a suitable method to deliver DNA.  Many methods exist for transfecting cultured 

cells, including electroporation and transfection reagents, both of which were tried.  

Specifically, the Epizap electroporation system was used because it is compatible with 

the small volume wells necessary for the peptide experiments, and PolyFect Transfection 

Reagent (PF) was used because it was specifically designed for transfection of common 

cell lines such as CHO and HEK293.   

Transfection of CHO-K1 cells with wt-EGFP DNA was performed with both 

Epizap and PF, and transfection of HEK293 cells was also performed with PF.  

Fluorescence microscopy was used to determine the percentage of fluorescent cells, 

indicating how effectively each technique delivered DNA.  In general, Epizap led to high 

transfection efficiencies (~50%; fig. 2.8A) but often resulted in high cell death.  Previous 

work in our lab has shown that attempts to optimize the electroporation conditions did not 

significantly improve the health of the cells [42].   

In contrast, PF generally led to healthier cells but lower transfection efficiencies 

(~12% in CHO-K1, ~40% in HEK293; fig. 2.8B–C).  We performed experiments to 

optimize the amount of PF and the amount of DNA in CHO-K1 cells.  First, transfection 

was performed with different amounts of PF and DNA such that the ratio of the two 

reagents remained nearly the same:  3 μL PF/0.5 μg DNA, 10/1.5, 30/5, and 60/10 

(fig. 2.9).  Exposure to 30 or 60 μL PF killed all of the cells, and the transfection  
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Fig. 2.8.  Transfection efficiency for Epizap in CHO-K1 (A) and PolyFect in  

CHO-K1 (B) and HEK293 cells (C).  Corresponding bright field and fluorescent images 

are paired.  Exposure times for fluorescent images were 1 s (A), 0.5 s (B), or 0.3 s (C).  

To improve the quality of the images, they were modified with the Auto Levels and Auto 

Contrast options in Photoshop.   

efficiency with 3 μL PF was lower than that with 10 μL PF.  Second, transfection was 

performed with 10 μL PF and 0.75, 1.5, 3.0, or 5.0 μg DNA (fig. 2.10).  The efficiency 

was highest for the cells that received 1.5 and 3.0 μg DNA (fig. 2.10B–C).  These results 

confirmed that the manufacturer recommendations (10 μL PF and 1.5 μg DNA) were the 

best for transfection in our system, and therefore these amounts were used in further 

experiments that utilized PF for transfection.   

Because neither of these methods was significantly better than the other in both 

preservation of cell health and transfection efficiency, both of them were used to deliver 

DNA in MPG/tRNA delivery experiments.   
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Fig. 2.9.  Expression of EGFP in CHO-K1 cells transfected using different amounts of PF 

and wt-EGFP DNA.  PF/DNA ratios (in μL/μg) were 3/0.5 (A), 10/1.5 (B), 30/5.0 (C), 

and 60/10.0 (D).  The cells in C and D are all dead.  Corresponding bright field and 

fluorescent images are paired.  Exposure times for all fluorescent images were 2 s.  To 

improve the quality of the images, they were modified with the Auto Levels and  

Auto Contrast options in Photoshop.   
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Fig. 2.10.  Expression of EGFP in CHO-K1 cells transfected using 10 μL PF and  

0.75 (A), 1.5 (B), 3.0 (C), or 5.0 μg wt-EGFP DNA (D).  Corresponding bright field and 

fluorescent images are paired.  Exposure times for all fluorescent images were 0.5 s.  To 

improve the quality of the images, they were modified with the Auto Levels and Auto 

Contrast options in Photoshop.   
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MPG Delivery of tRNA 

The assay to detect tRNA delivery into mammalian cells, previously developed in 

our lab, is outlined in fig. 2.11 [13].  It requires two components:  an S29TAG-mutant 

EGFP gene, in which the amber stop codon (TAG) has replaced a serine codon, and the 

human serine amber suppressor (HSAS) tRNA [50].  HSAS is an unusual tRNA in that 

the anticodon was mutated to recognize the amber stop codon instead of its natural serine 

codon, but because seryl-tRNA synthetases do not use the anticodon as a recognition 

element, it can still be charged with serine like the natural tRNA
Ser

 molecules.  Under 

normal circumstances, the translation of the S29TAG-EGFP gene would terminate at 

position 29 due to the TAG codon, and no fluorescent protein would be produced.  

However, HSAS can rescue expression of this gene because it is charged with serine but 

recognizes the TAG codon, thereby delivering the wild-type amino acid at position 29, 

resulting in a wild-type EGFP protein.  Therefore, the presence of HSAS can be easily 

detected in cells expressing S29TAG-EGFP by fluorescence microscopy.  Cells that 

contain HSAS are fluorescent, but those lacking HSAS are not.   

 

Fig. 2.11.  The HSAS assay for tRNA delivery.  Cells that contain a gene for a mutant 

EGFP with an internal TAG stop codon will not produce EGFP because the translation 

will terminate.  However, if HSAS is delivered to the cells, aminoacylation by the 

endogenous synthetases and nonsense suppression at the TAG site will yield wild-type 

EGFP, detectable by fluorescence.   
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To determine if MPG could be used to deliver tRNA, cells were transfected with 

S29TAG-EGFP DNA using Epizap or PF, and MPG/HSAS complexes were applied 

~24 hours later.  24–48 hours after HSAS application, the cells were observed for EGFP 

fluorescence.  In contrast to the MPG/DNA complexation experiments, the initial results 

were somewhat promising.  Transfection by Epizap was attempted first because it was 

able to deliver more DNA.  CHO-K1 cells were transfected with S29TAG-EGFP, and 

precomplexed 51 μM MPG/0.5 μM HSAS (5/1 charge ratio) solution was applied to the 

cells.  The application of the MPG and HSAS resulted in many fluorescent cells 

(fig. 2.12A–B), whereas the control samples missing one or both components had 

essentially no fluorescence (fig. 2.12C–E).  This suggested that MPG effectively 

delivered HSAS into the cells.   

Unfortunately, this result could not be reliably reproduced, because of the 

inconsistency of the cell health and transfection efficiency after Epizap treatment.  No 

other attempts using Epizap transfection produced more than one or two healthy 

fluorescent cells.   

Transfection with PF was then used because of the improvement in cell health 

with this technique.  These experiments had the additional complication that the cells 

transfected with S29TAG-EGFP by PF remained healthy and produced small amounts of 

EGFP without HSAS.  This occurred by a process known as readthrough, in which the 

translational machinery occasionally skipped over the TAG codon or erroneously inserted 

another amino acid instead of terminating the translation.  When MPG/HSAS complexes 

were applied to the cells, there was obvious fluorescence (fig. 2.13A–B), but it was never 

significantly higher than that from readthrough (fig. 2.13C–E), even though several  
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Fig. 2.12.  A–B, Expression of EGFP in CHO-K1 cells transfected with S29TAG-EGFP 

DNA and incubated with solutions of 51 μM MPG/0.5 μM HSAS (5/1 charge ratio).   

C–E, Control cultures that were incubated with 51 μM MPG only (C), 0.5 μM HSAS 

only (D), and F12 medium only (E).  These results suggested that we had successfully 

delivered tRNA with MPG, but they could not be reproduced (see fig. 2.13).  

Corresponding bright field and fluorescent images are paired.  Exposure times for all 

fluorescent images were 5 s.  To improve the quality of the images, they were modified 

with the Auto Levels and Auto Contrast options in Photoshop.   
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attempts were made to optimize the charge ratio and amount of HSAS in the delivery 

complexes.  Therefore, it could not be definitively stated that the MPG delivered HSAS 

to the cells.  This result was observed in both CHO-K1 and HEK293 cells.   

In summary, we were unable to reproduce any of the results of Divita and 

co-workers [46–48].  We failed to observe MPG and DNA complexation by fluorescence, 

and we could not use MPG to deliver plasmid DNA or RNA into cells.  It is very 

Fig. 2.13.  A–B, Expression of EGFP in CHO-K1 cells 

transfected with S29TAG-EGFP DNA and incubated 

with solutions of 50 μM MPG and 0.48 (A) or 0.24 μM 

HSAS (B) (charge ratios of 5/1 or 10/1, respectively).  

C–E, Control cultures that were incubated with 50 μM 

MPG only (C), 0.48 μM HSAS only (D), and F12 

medium only (E).  Corresponding bright field and 

fluorescent images are paired.  Due to microscope 

malfunction the bright field images for the fluorescent 

images in C–E were not obtained.  Exposure times for 

all fluorescent images were 2 s.  To improve the quality 

of the images, they were modified with the Auto Levels 

and Auto Contrast options in Photoshop.   
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puzzling that our results differed so drastically from theirs.  A possible explanation is that 

MPG is a cell-type specific carrier, unable to deliver to CHO or HEK cells.  None of the 

previous reports of Divita and co-workers involved these cell types.  Also, it is interesting 

that so far, no other research group has reported using MPG to deliver nucleic acids into 

cells, indicating that MPG may be functional as a delivery agent only under very specific 

conditions.  In any case, we concluded that the method of using MPG to form 

noncovalent complexes with tRNA for delivery into cells is not a viable strategy in our 

experiments.   

 

Antp Delivery of tRNA 

One other noncovalent complexation experiment was performed.  Antp was used 

instead of MPG as the peptide carrier to delivery tRNA into cells.  PF was used to 

transfect CHO-K1 and HEK cells with S29TAG-EGFP DNA, and solutions containing 

50 μM Antp and 0.80 μM HSAS (5/1 charge ratio) were applied to the cells.  As seen 

with the MPG experiments above, the cells of the Antp/HSAS sample (fig. 2.14A,C) had 

no more fluorescence than those of control cells that received no peptide or tRNA 

(fig. 2.14B,D).  Antp, like MPG, failed as a delivery agent, and the fluorescence seen in 

the samples was due simply to readthrough.   

Therefore, we concluded our experiments involving noncovalent complexation 

with peptides, never having definitively observed tRNA delivery to the mammalian cells.  

It was decided that this approach is not a viable option to deliver tRNA.   
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Fig. 2.14.  A–B, Expression of EGFP in CHO-K1 cells transfected with S29TAG-EGFP 

DNA and incubated with solutions of 50 μM Antp and 0.80 μM HSAS  

(5/1 charge ratio) (A) or F12 only (B).  C–D, Expression of EGFP in HEK293 cells 

transfected with S29TAG-EGFP DNA and incubated with solutions of 50 μM Antp and 

0.80 μM HSAS (5/1 charge ratio) (C) or F12 only (D).  Corresponding bright field and 

fluorescent images are paired.  Exposure times for all fluorescent images were 2 s.  To 

improve the quality of the images, they were modified with the Auto Levels and  
Auto Contrast options in Photoshop.   

Preparation of Tat-eEF1A Fusion Protein 

The final approach to utilize PTDs to deliver tRNA to cells is the production of a 

chimera of a PTD and a tRNA-binding protein, specifically the Tat PTD and the 

eukaryotic elongation factor eEF1A (formerly known as EF-1 ).  Fusing proteins and 

PTDs has been shown to impart them with the PTD translocation properties [24–26], 

even allowing them to also transport sufficiently tight binding partners of the protein 

[51].  In this manner, the Tat-eEF1A fusion protein can be mixed with tRNA outside the 

cell, and the entire complex can be internalized by translocation of the Tat (fig. 2.15).   

Furthermore, the ternary complex of eEF1A, GTP, and aminoacyl-tRNA is 

recruited by the ribosome for tRNA delivery to the ribosomal A site [52, 53].  The 

formation of this complex is a necessary step for translation, so prebinding the unnatural 

aminoacyl-tRNA to GTP-activated eEF1A and delivering the complex into the cells  
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Fig. 2.15.  Delivery of tRNA using Tat-eEF1A.  The tRNA and Tat-eEF1A are mixed in 

the external solution (A) and bind together (B).  Translocation of the Tat peptide (C) 

internalizes the entire complex (D).   

could make nonsense suppression more efficient.  The tRNA molecules would be 

delivered directly to the ribosome, eliminating the need to encounter an endogenous 

eEF1A inside the cell.   

The binding affinities for the eEF1A and natural aminoacyl-tRNAs range from ~1 

to 10 nM, which probably is sufficiently high to maintain a stable complex during 

translocation into the cell [54].  However, studies on the prokaryotic homologue EF1A 

(formerly known as EF-Tu), which has RNA binding properties similar to eEF1A [54], 

have demonstrated that the aminoacyl moiety of the charged tRNA strongly influences its 

binding affinity.  The affinities of misacylated tRNA molecules cover a much broader 

range, from less than 100 pM to more than 300 nM [55, 56].  It is difficult to predict how 

a specific unnatural aminoacyl-tRNA will bind to eEF1A, but hopefully the complex can 
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survive intact throughout the delivery into the cell, even if the binding affinity is 

significantly weaker than the normal interactions between eEF1A and aminoacyl-tRNA.   

There are several steps involved in producing recombinant Tat-eEF1A.  First, the 

genetic construct must be generated and transformed into bacteria.  Second, the protein 

must be overexpressed and purified from the numerous bacterial proteins.  Finally, if the 

protein is not already in its native conformation, appropriate refolding conditions must be 

determined.   

 

Generation of the Fusion Protein Construct, Transformation, and Overexpression 

To generate the fusion protein construct, the eEF1A gene from Xenopus laevis 

was subcloned into the pTAT plasmid, a vector that was designed to allow for the easy 

generation of Tat fusion proteins [57].  The fact that this gene is from Xenopus, not of 

mammalian origin, is not a concern even in a mammalian expression system, because 

eEF1A is one of the most conserved proteins known [53].   For example, the Xenopus and 

human proteins are 96% identical.  The plasmid containing the eEF1A insert was 

transformed into the Rosetta(DE3) bacterial cell line, which is effective for the 

overexpression of proteins of eukaryotic origin such as eEF1A.  The Rosetta(DE3) line is 

identical to the BL21(DE3) E. coli cell line, except its genome is supplemented with six 

tRNA genes with anticodons common in eukaryotes but rare in prokaryotes.   

Tat-eEF1A was overexpressed, and several different harvesting procedures were 

attempted.  The protein formed inclusion bodies that needed to be purified and 

solubilized, as observed previously for an EF1A/eEF1A chimera [58], so an inclusion  
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Fig. 2.16.  Coomassie-stained polyacrylamide gel showing the protein harvested at 

different stages of inclusion body purification.  Two individual preparations are shown; 

the same step for each preparation is marked with the same lane number.   

Lane M: rainbow markers, with molecular weights at left.  Lane 1: uninduced control 

sample.  Lane 2: induced control sample.  Lane 3: supernatant 1.  Lane 4: supernatant 2.  

Lane 5: supernatant 3.  Lane 6: inclusion body pellet solubilized in 8 M guanidinium 

chloride.  See methods for the details of the purification. The Tat-eEF1A is marked by 

the arrow, clearly in a pure, concentrated solution in lane 6.   

body preparation procedure was used.  This method yielded a large amount of protein, 

producing 20 to 100 mg per liter of bacterial culture (fig. 2.16).   

The presence of Tat-eEF1A in inclusion bodies was fortunate because the 

relatively simply preparation of the inclusion bodies yielded almost completely pure 

protein, as inclusion bodies contain only trace amounts of the endogenous bacterial 

proteins (fig. 2.16).  However, it added the complication that the denatured protein 

needed to be refolded into an active form, and suitable refolding conditions could only be 

determined by trial and error.   
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Refolding 

The most common method of refolding solubilized, denatured proteins is rapid 

dilution in buffer containing additives that enhance refolding, such as DTT, arginine 

(Arg), guanidinium chloride (GuCl), and glycerol.  Buffers of eight different 

compositions were tried:  all possible combinations of buffers that contained 0 or 

400 mM Arg, 0 or 500 mM GuCl, and 0 or 20% glycerol.  1–2 mg Tat-eEF1A was 

diluted in 80 mL of each refolding buffer and stirred gently for eight hours.  The solution 

was filtered through a 0.2 μm filter to remove protein that had reaggregated, and was then 

concentrated.   

Upon dilution of the protein, it was immediately obvious that the solutions that 

contained neither Arg nor GuCl did not promote refolding, because the protein 

precipitated out and formed a cloudy mixture.  However, precipitates were not visible in 

the other six solutions, so after filtration and concentration, the protein yields were 

determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).  

The results indicated that three buffers—the Arg/glycerol, Arg/GuCl/glycerol, and 

Arg/GuCl solutions—all prevented reaggregation of the protein and resulted in good 

yields of concentrated protein (fig. 2.17).  The other three other buffers—the 

GuCl/glycerol, Arg, and GuCl solutions—did not.  Thus, protocols for the purification 

and solubilization of Tat-eEF1A were determined.   

The protein, however, was not stable in solution at high concentrations for very 

long, even when stored at 4 °C.  PAGE performed even one or two days after purification 

and concentration showed that all the protein had been degraded.  It was not clear what 

mechanism caused the degradation.  One possibility is that the inclusion bodies contained  
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Fig. 2.17.  Coomassie-stained polyacrylamide gel of the retentates (R lanes) and filtrates 

(F lanes) following the concentration of Tat-eEF1A in several refolding buffers.  Buffer 

compositions were 400 mM Arg/20% glycerol (A), 500 mM GuCl/20% glycerol (B),  

400 mM Arg/500 mM GuCl/20% glycerol (C), 400 mM Arg (D), 500 mM GuCl (E), and 

400 mM Arg/500 mM GuCl (F).  Lane M: rainbow markers with molecular weights at 

left.  Tat-eEF1A is marked with the arrow, clearly appearing the retentates of three 

refolding buffers (A, C, and F).   

trace amounts of proteases, which, once refolded, acted to proteolyze the Tat-eEF1A.  

Even though it seemed unlikely because the refolding buffers contained protease 

inhibitors, this hypothesis was tested.  Further purification of Tat-eEF1A was performed, 

taking advantage of its 6His tag, in order to completely isolate it from any proteases.  The 

solubilized inclusion bodies were passed through a column of Ni-NTA beads to isolate 

the desired protein before refolding.  However, the problem of the degradation remained 

even after the Ni-NTA treatment.   

Even though the protein could be purified and concentrated, it still remained to be 

determined if the Tat-eEF1A had folded into a fully functional form, able to bind tRNA.  

Efforts were made to develop a gel-shift assay, used previously for RNA-binding proteins 

[59, 60], which would confirm proper refolding of the protein.  The binding of tRNA to 
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the Tat-eEF1A should change the mass/charge ratio significantly, causing the complex to 

run at a rate distinct from its individual components in a native PAGE gel.   

There were a number of challenges to overcome, most notably getting the protein 

into a native PAGE gel.  Like many proteins that bind nucleic acids, eEF1A has a high pI 

(~9.3), so it is positively charged at neutral pH.  Therefore, the unbound protein should 

not run into the gel under normal electrophoresis conditions, but should simply drift in 

the buffer towards the cathode.  Forcing a negative charge onto Tat-eEF1A by raising the 

pH of the buffers was not a good solution because it is almost certain to obliterate binding 

to tRNA.   

One interesting option was setting a native PAGE gel in a horizontal container 

with the sample wells in the center of the gel instead of at the side nearest the cathode.  

With this “horizontal PAGE” setup, the protein must enter the gel whether it is positively 

or negatively charged.  Although this was an unorthodox method for PAGE 

electrophoresis, such a gel was loaded with different amounts of Tat-eEF1A and tRNA 

and later visualized by silver staining (fig. 2.18A–B), but there were several problems.  

First, the tRNA bands were very obvious (fig. 2.18A), but a protein band was difficult to 

find.  There may have been a very light band from the protein very near the wells towards 

the anode (fig. 2.18B), but that was opposite of the expected direction for a positively 

charged protein.  To confuse matters, this possible protein band was not seen in a 

normally poured native PAGE gel (fig. 2.18C), even though the horizontal PAGE results 

suggested it should have been, so it remained unidentified.  Second, it was difficult to 

handle and stain the horizontal PAGE gel due to its relatively large size.  It is unclear if  
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Fig. 2.18.  Silver-stained gels from native PAGE of solutions of Tat-eEF1A and HSAS.  

A–B, A gel run horizontally with the wells in the center.  A and B show the same gel at 

different stages in the development of the silver stain.  C, A gel run vertically with the 

wells at the top.  All the lanes marked with the same number have identical compositions.  

Lane 1: 4 μg Tat-eEF1A.  Lane 2: 1 μg Tat-eEF1A.  Lane 3: 0.25 μg HSAS.   

Lane 4: 1 μg Tat-eEF1A and 0.25 μg HSAS.  Lane 5: 4 μg Tat-eEF1A and 0.25 μg 

HSAS.  The black arrow marks the HSAS; the outlined arrow marks a possible protein 

band, barely discernible in B and appearing nowhere else.   

the failure to see a protein band was due to degradation, poor staining, or some other 

factor resulting from the unusual gel technique.   

Other methods for detecting the binding of tRNA to Tat-eEF1A were considered 

but not attempted.  Isoelectric focusing, a gel technique that separates proteins based on 

their pI values, would almost certainly be able to distinguish bound and unbound 

Tat-eEF1A, but it requires a special apparatus that was not available to us.  Also, cross-

linking techniques were considered.  UV irradiation of a mixture of Tat-eEF1A and 
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tRNA could result in covalent cross-linking, which would allow for analysis by standard 

SDS-PAGE.  However, cross-linking would probably not be very efficient or 

quantitative.  Even if the protein was properly refolded and bound tRNA, it may not be 

detectable by this method.   

Because of the puzzling problems with degradation of the protein and the lack of 

a method to determine if the protein was properly refolded, the use of Tat-eEF1A was not 

a viable strategy for tRNA delivery to mammalian cells.   

 

CONCLUSION 

PTDs were expected to be effective vectors for delivering aminoacyl-tRNA to 

mammalian cells for nonsense suppression.  We attempted to develop a PTD-tRNA 

delivery system by three different approaches:  covalent ligation of the two molecules, 

noncovalent binding, and binding tRNA to a protein linked to a PTD.  However, none of 

these approaches ever successfully transported tRNA into mammalian cells.   

To be useful, any PTD technique for tRNA delivery must outperform the 

relatively easy and effective technique of electroporation.  It is possible that such a 

technique may one day be found.  However, this seems much less likely than it did 

several years ago.  The initial reports of the abilities of PTDs to universally cross cell 

membranes and their seemingly unlimited towing capacity generated much excitement.  

However, more recent research has shown that the initial results were artifactual and 

revealed that PTDs were, in fact, relatively limited in their translocation capabilities.   

This work was performed concurrently with the optimization of tRNA delivery to 

mammalian cells by electroporation, which proved to be an effective technique [13].  
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Because of the success of electroporation, the failure of all three PTD-based approaches, 

and the diminished likelihood that PTDs could ever be as effective as electroporation, this 

project was discontinued.   

 

MATERIALS AND METHODS 

tRNA Generation 

The human serine amber suppressor (HSAS) gene was subcloned into pUC19 as 

described in [13].  The construct had a T7 transcriptional promoter and a FokI restriction 

site after 74 bases of the HSAS.  The plasmid was amplified and linearized by FokI, and 

the MegaShortScript Kit from Ambion (Austin, TX) was used for in vitro transcription of 

the 74mer HSAS (the tRNA lacking its two 3’ bases).   

 

Thiophosphate Reaction with Maleimide 

Alkaline phosphatase (AP) was purchased from Boehringer-Mannheim 

(Indianapolis, IN), T4 polynucleotide kinase (PNK) from New England Biolabs 

(Ipswitch, MA), and RNase inhibitor from Roche (Indianapolis, IN).  ATP-(3-

thiophosphate) (ATP- -S) was purchased from Boehringer-Mannheim (Indianapolis, IN).  

N-(1-pyrenyl)maleimide (PM) and 2-mercaptoethanol (2-ME) were purchased from 

Aldrich.  Slide-A-Lyzers were purchased from Pierce (Rockford, IL).   

tRNA with a thiophosphate on its 5’ end (tRNA-5’-S) was prepared in the 

following manner.  HSAS was prepared by in vitro transcription.  It was converted to a 

5’-OH by AP treatment, with a typical reaction consisting of 100 μg HSAS, 40 U AP, 

80 U RNase inhibitor, and 20 μL 10x buffer in a total volume of 200 μL.  After 
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incubating at 50 °C for 2 hours, the protein was removed by PCI treatment, and the 

tRNA-5’-OH was isolated by ethanol precipitation.  This was converted to tRNA-5’-S by 

PNK treatment, with a typical reaction consisting of 80 μg tRNA-5’-OH, 80 U PNK, 80 

U RNase inhibitor, 100 μM spermidine, 500 μM ATP- -S, and 20 μL 10x buffer in a 

total volume of 200 μL.  After incubation at 37 °C for 2 hours, the protein was removed 

by PCI treatment, the free ATP- -S was removed by dialysis in Slide-A-Lyzers against 2 

L Millipore water (exchanged at 2 hours and 4 hours) for 8 hours, and the tRNA-5’-S was 

isolated by ethanol precipitation.   

A stock solution of 800 μM PM was prepared in 8% DMSO.  The DMSO was 

required to enhance PM’s aqueous solubility.  Solutions containing various 

concentrations of 2-ME, ATP- -S, and tRNA-5’-S with PM were prepared, in duplicate, 

in 100 mM phosphate buffer at pH 9.5.  Fluorescence emission spectra with an excitation 

wavelength of 338 nm and a high PMT setting were taken after incubation at room 

temperature for ~24 hours.  The spectra were collected with a SpectraMax Gemini XS 

fluorescence plate reader using SOFTmax PRO 3.1.2 software.   

 

Noncovalent Complexation Experiments 

Materials 

Peptides were synthesized on an ABI 433A Peptide Synthesizer and stored as a 

lyophilized powder.  MPG contains a cysteamide at its C-terminus, so it was prepared 

using a cysteamine 4-methoxytrityl resin, purchased from Calbiochem-Novabiochem (La 

Jolla, CA).  The pTAT plasmid was obtained from Steven Dowdy (Washington 

University), and the pCS2 plasmid containing the wt-EGFP gene (wt-EGFP DNA) from 
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Jack Horne (Caltech).  The S29TAG-EGFP DNA was obtained by mutation of the 

wt-EGFP DNA as described previously [13].  Ham’s F12 medium and DMEM were 

purchased from Irvine Scientific (Santa Ana, CA), and CO2 independent medium was 

purchased from GIBCO Invitrogen Corporation (Carlsbad, CA).  Epizap slides and the 

Epizap electroporation apparatus were purchased from ASK Science Products (Kingston, 

Ontario).  CultureWell slides were obtained from Grace Bio Labs (Bend, OR).  MatTek 

glass-bottom dishes were obtained from MatTek Corporation (Ashland, MA).  PolyFect 

Transfection Reagent (PF) and the MaxiPrep kits used to isolate plasmids were purchased 

from Qiagen (Valencia, CA).   

 

Monitoring Complexation with DNA by Fluorescence 

Phosphate buffer was prepared with 150 mM NaCl, 18 mM KH2PO4, and 5 mM 

Na2HPO4, pH 7.4, the same composition as in [47].  Solutions with 10 μM MPG and 0 to 

19.2 μM plasmid DNA (pTAT or wt-EGFP DNA) with or without 30 μM DTT were 

prepared in phosphate buffer.  The fluorescence of the tryptophan residue in MPG was 

measured at excitation and emission wavelengths of 290 and 345 nm, respectively, at 

medium PMT, with a SpectraMax Gemini XS fluorescence plate reader using SOFTmax 

PRO 3.1.2 software.   

 

Cell Culture 

CHO-K1 cells were grown in Ham’s F12 medium supplemented with fetal bovine 

serum (10%), glutamine, penicillin, and streptomycin.  HEK293 cells were grown in 
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DMEM with the same additives.  The medium with the additives is referred to as “growth 

medium.”  Cells were incubated at 37 °C under 5% CO2.   

CHO-K1 cells were seeded in 8-well CultureWell slides, Epizap slides, or 35 mm 

MatTek glass-bottom culture dishes.  Before seeding, the CultureWell slides were either 

left untreated, rinsed with ethanol and left to air dry, or rinsed once in ethanol and several 

times in F12 growth medium.  The Epizap slides and MatTek dishes were used without 

treatment.   

During seeding, cells were counted with a bright line counting chamber from 

Hausser Scientific (Horsham, PA).  Usually, 2 x 10
5
 CHO-K1 cells or 1 x 10

5
 HEK293 

cells were added to dishes.  DNA transfection was usually performed ~48 hours after 

plating.   

 

DNA Transfection by MPG 

CHO-K1 cells were plated on Epizap slides held in 35 mm dishes.  The DNA to 

be transfected was precipitated in ethanol and ammonium acetate and left at –20 °C for at 

least 1 hour.  This was subjected to microcentrifugation at 15,000 rpm and 4 °C for 

15 minutes, vacuum dried for 5 minutes, and resuspended in 20 μL serum-free F12 

medium with 100 μM MPG.  The amounts of DNA used were 6.25, 12.5, 25, or 50 nM 

wt-EGFP DNA, corresponding to charge ratios of 17.8/1, 8.9/1, 4.4/1, and 2.2/1, 

respectively.  The solution was left for ~30 minutes to allow complexation of the MPG 

and DNA.  20 μL control solutions of 100 μM MPG only, 25 nM DNA only, and F12 

only were also prepared.  All medium was removed from the dishes that contained the 

Epizap slides, and the MPG/DNA solutions were applied to the cells for ~60 minutes at 
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37 °C.  3 mL F12 growth medium was then added to the dishes, and they were returned 

to the incubator.  The cells were imaged by fluorescence microscopy ~24 hours later.   

 

Transfection by Epizap 

CHO-K1 cells were plated on Epizap slides.  DNA was precipitated and dried as 

above and resuspended in CO2-independent medium to give a final concentration of 

~1 μg/μL.  The medium was removed from the dishes, and 17 μL of the DNA solution 

was applied to the cells.  Electroporation was performed with an Epizap electroporation 

apparatus by applying a series of 4 pulses of 50 V with a capacitance of 1.0 μF.  F12 

growth medium was immediately added and the dishes were returned to the incubator.  

The cells were imaged by fluorescence microscopy 24–48 hours later. 

 

Transfection by PolyFect Reagent 

CHO-K1 or HEK293 cells were plated on MatTek dishes.  For transfection, the 

procedure outlined in the PolyFect Transfection Reagent Handbook was followed.  

1.5 μg wt-EGFP or S29TAG-EGFP DNA was diluted to a total volume of 100 μL in 

serum-free F12 (for CHO-K1 cells) or DMEM (for HEK293 cells).  10 μL PF was added 

to the solution and mixed thoroughly.  The solution was incubated for 10 minutes at room 

temperature.  The medium was removed from the cells, and 1.5 mL of fresh growth 

medium was reapplied.  600 μL of growth medium was then mixed into the DNA/PF 

solution and added to the dish.  The dish was returned to the incubator.  Other amounts of 

DNA and PF were also used in initial experiments to determine the optimal conditions.  

The cells were imaged by fluorescence microscopy 24–48 hours later. 
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MPG and Antp Delivery of tRNA 

Cells were transfected by Epizap or PF with S29TAG-EGFP DNA.  ~24 hours 

after transfection, solutions of peptide and HSAS were prepared in serum-free F12 (for 

CHO-K1 cells) or DMEM (for HEK293 cells) and left for ~30 minutes to allow 

complexation to occur.  The volumes of the solutions were 20 μL for Epizap slides and 

50 μL for MatTek dishes, and typical concentrations were 50 or 100 μM peptide and 

0.25, 0.5, or 0.8 μM HSAS, giving charge ratios of 10/1, 5/1, or 3/1.  The medium was 

removed from the dish, and the peptide/HSAS solutions were applied to the wells in the 

dishes for ~60 minutes at 37 °C.  2 mL fresh growth medium was added to the dishes and 

they were returned to the incubator.  The cells were imaged by fluorescence microscopy 

24–48 hours later. 

 

Production of Tat-eEF1A Fusion Protein 

Materials 

The gene for Xenopus laevis eEF1A was obtained from the mMessage mMachine 

kit, which was purchased from Ambion (Austin, TX).  Synthetic DNA oligonucleotides 

were synthesized by an ABI 394 DNA Synthesizer on site.  The pTAT plasmid was a 

generous gift from Steven Dowdy (Washington University).  Rosetta(DE3) cells were 

purchased from Novagen (San Diego, CA).  Luria Broth (LB) was purchased from 

DIFCO.  Terrific Broth (TB) was purchased from Invitrogen (Carlsbad, CA).  Ready 

Gels, 5x TBE buffer, and 40% 29:1 acrylamide:bisacrylamide were purchased from Bio-

Rad (Hercules, CA).  Ni-NTA Superflow beads were purchased from Qiagen (Valencia, 

CA).  EDTA-free protease inhibitor cocktail pellets were purchased from Roche 



 

 

97

(Indianapolis, IN).  Centricon Plus-80 concentrators were purchased from Millipore 

(Billerica, MA). 

 

Mutagenesis and Plasmid Generation 

 Two synthetic oligonucleotide primers were designed to add a KpnI restriction 

site just to the 5’ side of the gene and an EcoRI site just to the 3’ side.  PCR was used to 

incorporate these primers into the eEF1A gene.  Using the restriction enzymes, the gene 

was inserted into the pTAT plasmid, which contains a T7 promoter, a sequence encoding 

the Tat PTD, and a polylinker allowing for easy generation of Tat-fusion proteins.  The 

proper insertion of the gene was confirmed by DNA sequencing.  The peptide sequence 

appended to the N-terminus of eEF1A was 

MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDRWGSKLGYGRKKRRQRRR

GGSTMAGTT, where both the 6His tag and the Tat PTD are underlined.  The gene 

encoded a 521 amino acid protein with a molecular weight of 57 kD.   

 

Transformation and Overexpression 

The pTAT plasmid containing the Tat-eEF1A gene was transformed into 

Rosetta(DE3) competent cells.  This cell line is identical to the BL21(DE3) cell line, 

except it contains an additional chloramphenicol-resistant plasmid that encodes six tRNA 

genes with anticodons that are rare in E. coli but abundant in eukaryotic genes:  AGG and 

AGA (Arg), AUA (Ile), CUA (Leu), CCC (Pro), and GGA (Gly).  Therefore, it is 

recommended for use in overexpressing eukaryotic proteins.  Because 30 of the 521 

codons in the Tat-eEF1A gene (5.8%) are among these six, the Rosetta cell line provided 
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a significant advantage over other cell lines.  The cells were plated on agar plates of 

LB+Amp.   

A seed culture for overexpression of the protein was started by picking a colony 

from the plate and growing overnight in 25 mL LB+Amp.  The entire seed culture was 

poured into 500 mL TB+Amp and incubated until the OD600 reached 0.6–0.8.  A 1 mL 

aliquot of the culture was removed as the uninduced control.  Protein expression was 

induced by adding IPTG to a final concentration of 0.4 mM, and the culture was grown 

for 2 more hours.  A 1 mL aliquot was again removed as the induced control.  The cells 

were pelleted by centrifugation for 20 minutes at 6000g and 4 °C.   

In preparation for analysis by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), the control samples were pelleted by microcentrifugation.  

The pellets were washed twice in 1.5 mL cold phosphate buffered saline (PBS) and 

resuspended in 50 μL water.  50 μL of 2x SDS loading buffer was added, and the 

solutions were boiled for 5 minutes.   

 

Protein Purification from Inclusion Bodies 

The protocol for the isolation of proteins from inclusion bodies was obtained from 

the lab of Pamela Bjorkman (Caltech), available at the link for “Inclusion body 

preparation” on her website (http://www.its.caltech.edu/~bjorker/protocols.html).  

Solution buffer consisted of 50 mM Tris-Cl, 25% sucrose, 1 mM NaEDTA, 0.1% 

NaN3, and 10 mM DTT, pH 8.0.  Lysis buffer consisted of 50 mM Tris-Cl, 1% Triton 

X-100, 1% sodium deoxycholate, 100 mM NaCl, 0.1% NaN3, and 10 mM DTT, pH 8.0.  

Washing buffer without Triton X-100 contained 50 mM Tris-Cl, 100 mM NaCl, 1 mM 
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NaEDTA, 0.1% NaN3, and 1 mM DTT, pH 8.0.  Washing buffer with Triton X-100 was 

also prepared by including 0.5% Triton X-100 in the above washing buffer. 

The bacterial pellet was suspended in 13 mL solution buffer on ice and transferred 

to a 30 mL centrifugation bottle.  It was probe sonicated for 2 pulses of 30 seconds each 

at level 75 (~12 W).  5 mg lysozyme, 125 U DNaseI, and 25 μL 500 mM MgCl2 were 

added, and the mixture was vortexed.  12 mL of lysis buffer was added, and the mixture 

was incubated for 45 minutes at room temperature.  372 μL 500 mM NaEDTA in 50 mM 

Tris-Cl, pH 8.0 was added, and the mixture was rapidly frozen in liquid nitrogen, then 

thawed at 37 °C for 30 minutes.  100 μL 500 mM MgCl2 was added, and the mixture was 

incubated for 45 minutes at room temperature.  372 μL 500 mM NaEDTA in 50 mM 

Tris-Cl, pH 8.0 was again added.  All the remaining steps were done on ice.  The mixture 

was pelleted by centrifugation for 20 minutes at 11,000g and 4 °C, and 1 mL of the 

supernatant was saved as supernatant 1.  The pellet was resuspended in 10 mL wash 

buffer with Triton X-100 and probe sonicated as above.  The mixture was again pelleted 

as above, and 1 mL of the supernatant was saved as supernatant 2.  The pellet was 

resuspended in 10 mL wash buffer without Triton X-100 and probe sonicated as above.  

The mixture was pelleted as above, and 1 mL of the supernatant was saved as supernatant 

3.  The final pellet consisting of the inclusions bodies was dissolved in 9 mL of a solution 

of 8 M guanidinium chloride (GuCl) and 4 mM DTT by shaking at room temperature.  

Often, the dissolution of the pellet required more than a day of shaking.   

The samples were analyzed for purity by SDS-PAGE.  The uninduced and 

induced expression control samples, supernatants 1, 2, and 3, and the final protein sample 

were run on a 7.5% Tris-Cl Ready Gel at ~150 V for ~1 hour.  The protein was visualized 
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by staining with Coomassie brilliant blue.  Because the mixture of GuCl and SDS 

precipitates out of solution, which blocks the flow of current, the protein sample was 

diluted fourfold in water before loading in the gel.   

 

Purification of Tat-eEF1A Using Ni-NTA Beads 

~5 μg denatured Tat-eEF1A, dissolved in 8 M GuCl and 4 mM DTT, was 

incubated with 1–2 mL of Ni-NTA Superflow beads for ~2 hours while shaking at room 

temperature.  The beads have a binding capacity of 5–10 mg protein/mL.  The mixture 

was poured into a small fritted column.  The flowthrough was reapplied to the beads in 

the column several times, and the final flowthrough was collected.  The beads were 

washed with 8 mL of 6 M GuCl, pH 6.3, and the wash solution was also collected.  The 

protein was eluted from the beads by four applications of 1 mL of 6 M GuCl, pH 4.5.  

Each mL of the eluted solution was saved.   

 

Refolding and Binding Assay 

Refolding of the Tat-eEF1A (with or without the Ni-NTA purification) was 

attempted in eight buffers, which contained all possible combinations of 0 or 400 mM 

arginine (Arg), 0 or 500 mM GuCl, and 0 or 20% glycerol.  Also, each buffer contained 

50 mM Tris-Cl, 20 mM NaCl, 10 mM MgCl2, 10 mM DTT and 1 pellet of EDTA-free 

protease inhibitor cocktail.  The pH was brought to 6.8.  1–2 mg of protein in 8 M GuCl 

solution was slowly dripped into 80 mL of the various refolding buffers, and gently 

stirred for ~8 hours.  The solutions were then passed through a 0.2 μm filter and 

concentrated using Centricon Plus-80 concentrators, reducing the volume to 1 mL or less.  
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Protein content in the filtrates and retentates was analyzed by SDS-PAGE, as described 

above.   

To activate the eEF1A with GTP before tRNA complexation, EF buffer was 

prepared as in [54]:  40 mM HEPES, 100 mM NH4Cl, 10 mM MgCl2, 1 mM DTT, pH 

7.5.  4x loading buffer for native PAGE consisted of 1% bromophenol blue and 60% 

glycerol.  10 μL solutions were prepared from 2 μL 5x EF buffer, 3.5 μL 4x loading 

buffer, 1 μL 30 mM GTP, ~4 or ~1 μg Tat-eEF1A (~70 or ~15 pmol), and 0.25 μg HSAS 

(10 pmol).  Before HSAS addition, all components (except HSAS) were incubated at 

30 °C for 20 minutes to activate eEF1A with GTP.  The samples were then run on a 

native PAGE gel. 

Native PAGE gels were prepared in the following manner.  A solution of 1x TBE 

pH 8.3, 12.5% glycerol, and 10% acrylamide (29:1 acrylamide:bisacrylamide), and a 

separate solution of 10% ammonium persulfate were prepared.  Both solutions and 

TEMED were kept on ice.  When sufficiently cold, 112 μL ammonium persulfate 

solution and 5 μL TEMED were added to 7.5 mL of TBE solution.  The mixture was 

shaken and immediately poured into the gel caster.  It was allowed to polymerize for 

several hours.  The gel composition was similar to that used previously for a gel-shift 

assay for tRNA/synthetase binding [60], although the amounts of Tris, boric acid, and 

EDTA were not identical because we used a Bio-Rad premixed buffer, and the glycerol 

amount was increased slightly.  For horizontal gels in the casters that are normally used 

for agarose gels, the solution amounts were scaled up 2.5-fold.  The protein and tRNA 

were visualized by silver staining. 
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