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ABSTRACT
Protein therapeutics is a fast-growing field with the number of proteins licensed as
therapeutics by the U.S. Food and Drug Administration rising every year. Therapeutic proteins
often suffer fewer undesired secondary effects than small-molecule drug equivalents due to
their unique structure, allowing them to perform more complex functions, and mediate more
specific responses inside and outside cells. Furthermore, they are fully degradable by the
cellular machinery, eliminating bio-accumulation problems. However, delivery of proteins to
the cytosol of a specific population of cells is a considerable challenge, which has so far limited
protein therapeutics to extracellular applications. Current tools to deliver proteins inside cells
are not specific, and the generic method used to create specific agents, antibody bioconjugation, dramatically increases the chance of inducing an undesired immune response.
This thesis focuses on developing, characterising and optimising a novel system to deliver
inactive proteins into mammalian cells and recover their activity upon irradiation with a
particular wavelength of light. This photo-activation of delivered protein (PADP) system was
formed of three main components: an intein to prevent protein activity by disrupting the protein
fold, a photocage to control intein activity by light, and a cell-penetrating peptide (CPP) to
deliver the protein inside cells.
The PADP system was firstly implemented to deliver the red-fluorescent protein mCherry
to allow a direct characterisation of the system by fluorescence spectroscopy. The intein-split
mCherry construct was studied in vitro to determine the optimal irradiation time, pH and
additives for complete photocage cleavage. Several CPPs were attached to native mCherry
to determine the best CPP candidate for cytosolic delivery into HeLa cells by flow cytometry
and live-cell confocal microscopy. The resulting PADP was then proven to successfully be
delivered into HeLa cells and photo-activated to form correctly folded, fluorescent mCherry.
The versatility of the PADP concept was then demonstrated by the development of variants
to deliver two cytotoxic proteins, saporin and barnase. Cytotoxic proteins are widely studied
in cancer research for future use as therapeutics, but current approaches offer no control over
protein activity and require antibody bioconjugation. Both PADP constructs selectively killed
cells upon light-activation, demonstrating the potential for novel therapeutic proteins. The
PADP system is a universal tool that could be potentially implemented in any protein and
activated by light with spatiotemporal control.
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Chapter 1. Introduction

1.1. PROTEINS USED AS THERAPEUTICS
Proteins are fundamental biomacromolecules formed of chains of amino acids joined by
peptide bonds that arrange into complex structures through intermolecular interactions in a
process termed ‘protein folding’.1 Proteins are ubiquitous in all cell types and play diverse
roles in gene regulation and transcription, cell metabolism, immune system recognition, intra
and extra-cellular signaling, forming cell structures and membrane transporters, among
others. Proteins are synthesised in ribosomes by a complex process called mRNA
translation,2 and proceed to fold from linear polypeptides into proteins. Some proteins are
subject to post-translational modifications (glycosylation, phosphorylation, alkylation,
acetylation, etc.)3 that are vital for their correct cellular location and/or function.
Correct protein folding is essential to achieve the right protein function. Misfolding4 and/or
deregulation5 of proteins can provoke major autoimmune responses or/and underlie various
neurological, cancer, inflamatory and metabolic diseases. Their ubiquitous involvement in
biological processes and high specificity has seen the use of proteins as therapeutics increase
rapidly over the last 60 years1,6–8 (Figure 1.1A). The first case of a protein used as therapeutic
dates from the 1880s when Emil Adolf von Behring developed a serum based on a monoclonal
antibody (mAb) that specifically bound to the bacterium responsible for diphtheria,
Corynebacterium diphtheriae.1 Antibodies are proteins that bind to a particular epitope
(another protein, small molecules, cell receptors, etc.) and provoke an immune system
response towards the epitope. This treatment earned von Behring the first Nobel Prize in
Physiology in 1901.9 Currently almost half of the proteins licensed as theurapeutics are
unmodified humanised antibodies or drug-conjugated antibodies.6,7 Other types of proteins
used as therapeutics include hormones, growth factors, coagulation factors and enzymes.
Enzymes are proteins that are capable of catalysing chemical reactions by turning one or
more substrates into one or several products. They are highly specific and efficient, and much
reasearch is therefore focused on understanding enzyme mechanisms to exploit their
potential as therapeutics or drug targets.10–12 The most well known protein therapeutic is
insulin, which has been used world-wide since 1922. Insulin is a peptidic hormone that
regulates the metabolism of fats, carbohydrates and proteins. It binds to membrane receptors
in liver cells, promoting the intracellular absorption of carbohydrates such as glucose present
in the blood-stream.
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Figure 1.1. Data analysis of proteins licensed as drug therapeutics since 1978, data collected from the
‘Purple Book’ published in 2014 and periodically updated by the U.S. Food and Drug Administration.6
(A) Number of approved therapeutic proteins licensed as drugs since year 1978 until the 14st of
December 2018. (B) Analysis of therapeutic target of these proteins (total number of therapeutic
proteins of 183, others include dermatology, inflammatory disorders, ophthalmology, endocrinology and
nephrology).
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Currently, patients with diabetes are supplied with recombinantly-produced human insulin
(first produced in 1978) by subcutaneous injections.13 Despite the prompt use of insulin as a
protein therapeutic, it was not approved by the FDA (U.S. Food and Drug Administration) until
1996. Every protein licensed as therapeutic by the FDA is collected in the Purple Book,6 which
is a ‘list of licensed biological products with reference product exclusivity and biosimilarity or
interchangeability evaluations’. The first protein to be licensed by the FDA was collagenase,
an enzyme that breaks peptide bonds in collagen, for the treatment of burnt skin and dermal
ulcers in 1965. Since then, over 180 therapeutic proteins have been licensed, 64 of which
have been licensed in the last 3 years (Figure 1.1A). Hundreds more are in different stages
of clinical trials and bioengineered proteins are under the spot-light as the future of protein
therapeutics.7 Most of the licensed proteins in the Purple Book are used to treat cancer,
however, proteins are also frequently used to treat viral and bacterial infections, autoimmune
disease, coagulation disorders, arthritis, genetic and metabolic disorders (Figure 1.1B). The
market of protein therapeutics was valued at US $140,109 million in 2016 and it is expected
to reach US $217,591 million by 2023,14 leading to a compound annual growth rate of between
6.3 and 9.4% until 2023 depending on the economic evaluation.14–16
Therapeutic proteins posess the major biophysical advantage of enhanced specificity over
small-molecule drugs, which reduces unwanted secondary effects. Most importantly, they can
perform complex functions that cannot be readily mimicked by small molecules, there are no
bio-accumulation problems as they can be readily degraded by cellular machinery, and they
are less likely to induce immune responses during the treatment,8 avoiding many
complications like inflamation, fever and pain. Therapeutic proteins also offer two main
financial benefits: it takes one year less on average to develop a therapeutic protein (33
yearsa) than small-molecule drugs (34 years);17 and patented proteins are better protected
due to the fact that proteins present unique structural features.8 Nevertheless, using proteins
for drug therapy also presents some disadvantages and challenges to industry. The function
of many of these proteins require post-translational modifications that are not supplied by the
common industrial heterologous expression systems. They therefore require subsequent
treatments to attach these modifications after purification, adding additional purification steps
and increasing the length and cost of synthesis compared to small molecules. Fortunately, in
recent years there has been substantial advances in recombinant technologies and genetic

a

Study performed on proteins (total number of 33) and small-molecule drugs (total number of 294)
licensed as therapeutics in the U.S. by the FDA between 1980 and 2002.
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modification of expression systems to overcome these difficulties.18 Finally, in contrast to small
molecules, no licensed protein to date is membrane permeable and their effect is limited to
extracellular moieties of cells. Despite the existence of several strategies to deliver proteins
into cells,19 not a single licensed protein as therapeutic to date implements any of them. There
is a clear need for new methodologies to develop therapeutic proteins that are capable of
efficiently penetrating the cell membrane and perform their activity in the cytosol. Overcoming
the delivery barrier would provide posibilities to treat more disorders without the need of gene
therapy, which presents the risk of irreversible side effects to the patient.

1.2. CELL DELIVERY OF PROTEINS
Eukaryote cell membranes consist of a fluid lipid bilayer (Figure 1.2), composed of
phospholipids, glycolipids, sterols (e.g. cholesterol) and embedded proteins (receptors, ionchannels, proton pumps, etc.). These structural lipids are amphipathic in nature, resulting in
a membrane negatively charged in the outside and inside of the cell, and hydrophobic in
between. Diffusion through the membrane is only possible for non-charged small molecules
without the assistance of a trans-membrane transporter protein. Proteins are generally too
large for transporter-mediated cell transduction, and typically have surface charge
distributions incompatible with direct diffusion through the membrane. Classically, studies
investigating the effects of proteins have been performed by incorporation of DNA or RNA
encoding the protein of interest into cells with a nanocarrier (e.g. lipofectamine), with
subsequent overexpression of that protein in the cytosol. This has proven very useful for
research purposes; however, it is not applicable to therapy as transfecting a patient with DNA
for the overexpression of a therapeutic is not currently feasible. Hence, the effects of licensed
proteins to date are limited to extracellular components and the only way they can affect the
intracellular environment is by triggering signalling pathways through protein-protein
interaction receptor binding (e.g. insulin).19,20 Nevertheless, different methods have been
developed to internalise proteins into cells (Figure 1.2). These methodologies are divided in
three main categories: physical methods (shown in purple), nanocarriers (shown in green)
and cell-penetrating peptides (shown in red).19 The characteristics, new developments,
advantages and limitations of each method are described below.
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Figure 1.2. Methods to deliver proteins into eukaryotic cells. Cell-penetrating peptides are a peptide
sequence modification or addition in one of the protein termini to induce direct cell membrane
penetration or endocytosis. Nanocarriers have a similar composition to the cell membrane and are
capable of merging with it while carrying a cargo (protein, DNA, small molecules, etc) inside the cell.
Physical methods temporarily disrupt the membrane allowing the cargo to pass through it.

1.2.1. Physical methods
Physical methods of incorporating proteins into cells cause temporary disruption of the bilayer
so that the protein of interest can penetrate the membrane.21 The most common method is by
microinjection of the cargo directly into the cell with a syringe. This technique can be
performed not only for proteins, but also with genetic material. This method is very effective
and accurate; however, each cell needs to be injected individually by a skilled operator which
makes this approach time-consuming and tedious for research purposes and impossible for
therapeutic treatment with the current technology.
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Electroporation22 is another physical technique used to incorporate genetic material or
proteins in prokaryotic and eukaryotic cells. This method is based on briefly creating holes in
the membrane by applying a high voltage electric pulse between two electrodes which flank
a suspension of cells. The effectiveness of this technique varies greatly depending on the
membrane robustness of each cell type, the voltage used, and protein size, charge and
morphology. Similar in principle to electroporation, sonoporation and optoporation are also
employed to create holes in the membrane by ultrasound and high intensity light pulses,
respectively. These three techniques have been quite successful and, in contrast to
microinjection, they can be applied to many cells at once. However, they are more invasive
and more prone to trigger apoptosis in cells; serious drawbacks for any potential therapy.
Recently, microfluidic electroporation23 has been purposed as a promising alternative for
research purposes as it is reported to present no detrimental effect on cell viability. It is based
on passing cells through a capillary with inferior radius to the cell radius. This induces transient
holes leading to effective protein internalisation. Despite the fact that no cell viability loss is
reported for this technique, it would be challenging to implement for pharmaceutical use as
the cells of interest should be harvested first from the patient; the protein of interest would be
then internalised in the cells using this technique; and finally, the treated cells would be
administered to the patient.
Finally, osmosis24 is another recent technique employed to transduce proteins into cells.
Presence of high salt or non-detergent salts in the incubation media was discovered to
permeabilise the cell membrane to proteins with no major effects on cell viability. The main
disadvantage, as for all the previous physical methods, is the difficulty of implementation to
deliver therapeutic proteins in patient treatment.

1.2.2. Nanocarriers
Nanocarriers are a group of molecules capable of self-assembling into macromolecular
structures whilst encapsulating proteins in a generally hydrophobic core, and then delivering
them by creating pores in the membrane, fusing with the membrane or simply by crossing the
membrane. Fusogenic liposomes25 (FLs) are a recently developed nanocarrier for proteins.
FLs are formed by cationic lipids, generating a positively charged surface that interacts with
the negatively charged membrane. The hydrophobic environment inside the FLs allows
proteins to be transported. It is suggested that upon contact with the cells, these cationic lipids
form pores that allows the protein to be delivered inside the cell. They require only short
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exposure times and exhibit efficient delivery, which minimises any negative effect on cell
viability. They offer efficient delivery of proteins of a wide range of sizes (2 – 200 kDa), but
they are unable to deliver proteins with cationic surface charge due to repulsion between
charges. The incompatibility of FLs with positively charged cargos was overcome by designing
a system to deliver cytochrome c encapsulated in a silica nanoparticle, and then coating the
nanoparticle with a lipid bilayer.26 However, this system has yet to be applied to larger proteins.
Exosomes27 are natural vesicles used for cellular delivery of proteins. They have similar
composition to the cell membrane, but their membrane is more rigid. As they are extracted
from natural fluids, they contain membrane receptors, enzymes and proteases on their
surface. Many studies have reported the efficacy of these unmodified vesicles in vitro and in
therapy as an alternative to stem cell therapy. Currently, the direction of this research is
focused towards membrane modification with small-molecule drugs and cargo delivery. Not
much is yet known about what effect the proteases and enzymes would have on a protein
cargo or the immune response to these vesicles. A final group of nanocarriers are
nanomotors.28 These are synthetic devices that undergo mechanical movements upon an
external stimulus (electricity, sonication, etc.) and can deliver cargos inside cells, including
proteins. Few examples have been published so far and further investigation is required
before being considered for therapeutic applications.

1.2.3. Cell-penetrating peptides
1.2.3.1. Discovery and development
Cell-penetrating peptides (CPPs) are short peptide sequences that are able to penetrate cells
by direct translocation or endocytosis depending on the CPP and the cargo.29–31 Two groups,
Frankel32 and Green33, reported the first CPP independently in 1988. Both groups observed
that the human immunodeficiency virus-1 (HIV-1) transcription-transactivating protein (TAT),
a vital protein for the activation of viral gene replication, was able to translocate into different
cell lines when present in the incubation media. Three years later Frankel determined that
TAT was taken up by endocytosis,34 but it was not until 1997 that Lebleu35 identified the
specific peptide sequence in TAT responsible for the cellular transduction, and proved that
this sequence attached to other proteins also induced their cell translocation. This peptide is
a highly cationic 9-amino acid sequence (RKKRRQRRR) and was found to present no toxicity
to cells in concentrations bellow 10 µM.
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The discovery of TAT led to the search of more CPP sequences in nature. In 1991
Prochiantz reported a new natural CPP, Antennapedia (60 amino acids) from Drosophila.36
Three years later, the same group identified the section of Antennapedia responsible for
transduction to be the highly cationic third alpha helix (16 amino acids: RQIKIWFQNR
RMKWKK),37 later named Penetratin.38 When directly compared, both TAT and Penetratin
resulted in similar uptake efficiency.35
Many further CPPs have been identified and synthesised since the discovery of TAT and
Penetratin. More than 80% of the CPPs reported to date are cationic, with the rest being
amphipathic. Some of the reported CPPs are synthetic peptides based on the natural ones
with improved cellular uptake. Perhaps the most well-known synthetic cationic CPP is R8,
reported by Wender in 2000,39 which simply consists of a sequence of 8 arginines. R8 was
presented as more efficient than TAT. Surprisingly, synthetic cyclisation of TAT40 dramatically
improved cell uptake of proteins compared to fusion with linear TAT.
Other modifications explored include the fusion of existing CPPs to other peptides reported
to enhance their uptake or endosomal escape.41,42 When proteins fused to CPPs undergo
endocytosis, a major concern is endosomal escape. Endosomal escape depends heavily on
the structure and charge of the cargo. If the cargo fails to be released, it can be located to
other organelles or it can undergo lysosomal degradation. HA2 is a 20-amino acid peptide
sequence from the influenza virus hemagglutinin protein that was identified to burst
endosomes upon pH decrease.43 In 2004, Dowdy proved that endosomal escape could be
achieved by fusing HA2 to TAT peptide.41 Since then, other groups have tried to improve the
endosomal escape by mutating residues of HA2,42 adding aromatic residues to TAT
sequence21 or finding new peptides20 with the same function.

1.2.3.2. Mechanisms of CPP uptake
Literature reports contain two main pathways which attempt to describe the mode of action
for CPPs: direct penetration and endocytic uptake (Figure 1.3). There is not yet enough
evidence to confirm one theory over the other, as it appears that the mode of action may be
different depending on the cell type and vary with the properties of the molecule being
delivered.20,30,44
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Figure 1.3. Cell-penetrating peptides (CPP) internalisation pathways. CPPs are internalised in cells by
direct penetration or endocytosis depending on the cargo. Endocytic pathways are micropinocytosis,
clathrin-dependent endocytosis, caveolae-dependent endocytosis, clathrin/caveolae-independent and
phagocytosis. Endosomes can undergo endosomal release of the cargo, cargo relocation to different
organelles, or endosome maturation into lysosome and cargo degradation.
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Direct penetration of cationic CPPs37,44 is believed to usually occur by one of two possible
mechanisms. Both mechanisms predict that CPPs become stuck to the membrane due to
charge attraction between the overall negative charge of the phospholipids forming the bilayer
and the cationic residues of the CPP. The first possibility is direct translocation of the cargo
into the cytosol due to the fluidity of the membrane. Direct penetration is temperature
independent and it can only be inhibited by addition of highly charged molecules such as
heparin. The success of direct penetration is strongly linked to the cell type, as the membrane
composition and rigidity varies from one cell type to another. The second suggested
mechanism involves pore formation, through which the cargo is then delivered inside the cell.
Pore formation is usually the dominant method for the CPP-dependent delivery of small
molecules, peptides and small proteins. On the other hand, proteins over 20 kDa fused to
CPPs are generally internalised through endocytosis.34
There are several different endocytic pathways available depending on the nature of the
CPP and the cargo. Endocytosis is an energy dependent process in which molecules are
engulfed by membrane invagination and translocated inside the cells, resulting in vesicles.
Endocytosis is inhibited at 4 ºC or by the employment of different inhibitors (e.g. chloroquine,
methyl-β-cyclodextrin).45 Clathrin-mediated endocytosis46 is a five-step process that involves
the formation of clathrin-coated vesicles used by all eukaryotic cells. It is regulated by a series
of membrane proteins, some of which select the cargo and trigger the polymerisation of
soluble clathrin, while others bind to this polymer, perturbing the membrane shape and leading
to increase curvature of the membrane. This eventually leads to the internalisation of the
vesicle containing the cargo.
Caveolae-mediated endocytosis is a similar process, but cell invagination occurs through
caveolin polymers instead of clathrin. These polymers are palmitoylated and bind directly to
cholesterol and lipids of the membrane and, without the assistance of additional proteins, form
a vesicle that englobes the cargo.47 Clathrin and caveolae-independent pathways are
cholesterol dependent and less well studied than the previous two types of endocytosis. They
are activated by different kinases and cell receptors (e.g. folate receptor), and they seem to
be more prevalent in detergent-resistant regions of the membrane. Macropinocytosis and
phagocytosis are processes that lead to formation of larger vesicles to internalise bigger
macromolecules, and even bacteria. Both are actin-dependent processes and cholesterol also
seems to play an important role, however, the exact receptors and kinases involved in these
processes are still unknown.
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In summary, all of these endocytic processes lead to the formation of vesicles containing
the cargo of interest. These vesicles then fuse to an endosome, and depending on the
signalling pathway triggered, the cargo may be released to the cytosol or trafficked to different
organelles such as Golgi apparatus or mitochondria. Otherwise, the endosome matures into
a lysosome by acidification and the cargo is degraded by protases. Therefore, development
of CPPs that not only induce protein engulfment but also promote endosomal release, is of
paramount importance for their effective use in therapeutic applications.19 However, an
insurmountable problem of CPPs is their lack of specificity.
CPP-mediated cell delivery depends heavily on the cell type due to variation in membrane
composition, but all eukaryotic cells contain these endocytic pathways and they will all be
expected to internalise CPP-protein fusions to some extent. Many approaches resort to
conjugating the therapeutic protein, or other proteins of interest, to an antibody that recognises
a specific cell membrane receptor from the desired cell type or tissue. This strategy is
particularly prevalent in cancer research, as certain types of cancer cells are known to
overexpress certain receptors.48 Nevertheless, non-cancerous cells also present these
receptors, so they are also capable of internalising the therapeutic protein resulting in
undesired secondary effects. This lack of spatio-temporal control also impacts upon the
therapeutic effect of the protein, as its effect is exerted directly after protein delivery. The
solution to this problem lies in protein bioengineering.
Many efforts have been made to develop chemical and biological tools to tightly control
protein activity, often by exploiting protein interactions with small molecules or/and with other
proteins. These interactions aim to stop protein function by preventing protein interaction with
its biological target or by ‘caging’ a key residue to an interaction or catalysis. These ‘caging’
interactions are later relieved by the presence of an external stimulus, releasing the protein,
and allowing it to perform its biological role. Current literature suggests that a particularly
promising method to control protein activity in vivo is the use of light. Several distinct
methodologies in this category are collectively denoted optogenetic tools. However, in some
cases the level of control over protein activity can be quite weak, as the protein is still folded
and active. One solution for this could be incorporating another element in the system to
prevent correct protein folding, interrupting protein activity completely until this element is
removed. Nature has a class of proteins that disrupts protein function by disrupting protein
folds, called inteins.
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1.3. INTEIN STRUCTURE, SPLICING AND APPLICATIONS
1.3.1. Evolution and Biological Function of Inteins
Inteins are naturally occurring sequences within proteins that split functional proteins into two
sequences, termed ‘exteins’, preventing them from carrying out their function. They are often
considered to be post-translational modifications, as they subsequently undergo self-splicing,
ligating the exteins together to yield the fully functional protein (Figure 1.4).3,49,50 Inteins are
embedded at the cDNA level, locating the intein sequence in frame with the proteins they split
and, in contrast to introns, transcription results in a single mRNA product and translation in a
single protein product.

TRANSLATION
nascent protein
mRNA
encoding intein

intein
splicing
intein

mRNA
encoding protein
intein-split protein

protein

Ribosome

Figure 1.4. General scheme of gene translation for intein-split proteins. mRNA is translated in the
ribosome into the intein-split protein. The protein remains inactive until the intein is spliced and ligates
the two exteins together, forming the fully functional native protein.

Inteins are found only in unicellular organisms from the three domains of life.51 They were
first discovered in the gene VMA1 of Saccharomyces cerevisiae encoding the catalytic subunit
of the proton-translocating adenosine triphosphatase in 1990 by both Stevens52 and Anraku.53
Both groups found the RNA sequence encoded a larger protein than the one they obtained
after expression in E. coli and deduced part of the protein sequence was cleaved after
translation. They termed the cleaved sequence an intein for its similarity to introns in RNA.
Around 35 more protein sequences were identified as inteins by 199654 and the list currently
stands at over 500.55 All the reported inteins to date can be found in the NBCI and InBase55,56
databases, and they follow a standardised nomenclature. The name of an intein consists of
the genus and species of the host organism (three-letter code is usually applied) followed by
the host gene designation.55,57 If the split protein contains more than one intein, all the inteins
yielding the same protein are numbered (intein-1, intein-2, etc.) and similarly for the exteins
(extein-1, extein-2, etc.). In the case of canonical inteins (denoted by the presence of a
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homing-endonuclease domain in the final processed protein), the system is called after the
endonuclease with the prefix PI (protein insert). The origin, evolution and biological purpose
of inteins is the subject of ongoing debate. Currently, the most popular theory is that they are
parasitic in nature, as they do not disrupt the biological processes of the host and perform no
biological function.51,58,59 This theory derives from the fact that a great number of inteins
(canonical inteins) possess a homing-endonuclease (HEN) domain that is considered to be
involved in the gene transfer of the parasitic intein into the host genome. Many of these homing
endonucleases have become faulty and lost their activity in the host organism over time.59
Inteins are usually located in the catalytic site or main fold of proteins, preventing them from
folding and showing activity. The majority of known inteins are found inserted into proteins
related to DNA replication and metabolism such as DNA and RNA polymerases,
topoisomerases, helicases and gyrases, but they have been also found in proteins related to
metabolism in archaea.51
Key reactive residues are found at the terminal residues of both ends of the intein sequence
and the rate of intein splicing to release the final active protein depends strongly on their
hydrogen-bonding with other residues, suggesting the splicing rate is closely coupled to the
stability of the intein fold. The success of intein splicing is also highly dependent on the
adjacent residues of the extein protein, with mutation of consecutive native extein residues
often leading to the inhibition of intein splicing.60 While HEN-based inteins, are found in nature
as single protein (cis-splicing protein), non-HEN inteins can be found as a single protein or as
two or more proteins (trans-splicing inteins) as shown in Figure 1.5.51,61 In contrast to the cissplicing inteins described above, trans-splicing inteins are translated as two distinct proteins
attached to one extein each, and splicing occurs after both intein domains fold cooperatively.
The N-terminal residue of inteins is usually a cysteine, a threonine or a serine, and in most
cases these residues begin the splicing reaction. Cis-splicing inteins can be naturally
controlled by pH, salt concentration and most importantly by the redox state of a particular
cysteine sidechain. Despite inteins seemingly lacking a role in biology apart from their parasitic
activity, they have been extensively studied and shown to be a promising tool in biological
engineering to control protein activity.62
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1. Cis-splicing inteins
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3. Redox-controlled cis-splicing inteins
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Figure 1.5. Different types of inteins: (1) cis-splicing inteins, single translated protein (shown in red) is
split by an intein (shown in blue), the intein undergoes splicing after correct folding with no external
stimuli ligating the two exteins together; (2) trans-splicing inteins, two halves of a protein are translated
from different mRNA sequences fused to the two domains of an intein, both intein domains form a
complex by folding cooperatively and then undergo splicing; (3) cis-splicing inteins controlled by redox
state, where a reactive cysteine residue from the intein forms a disulphide bridge with a cysteine (three
residues away) from the extein, and splicing only occurs after the reduction of the disulphide bridge;
(4) HEN-containing cis-splicing inteins, most inteins contain a HEN domain (shown in green) that is
believed to be involved in homing DNA.
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Two major factors limiting the use of conditional intein splicing are their sensitivity to
changes in the consecutive extein residues and the kinetics of intein splicing. Several families
of cyanobacterial trans-splicing inteins have been found to accept non-native proteins when
three to five native flanking residues are conserved. These examples also spliced at a much
faster rate than most cis-splicing inteins reported to date, with the reaction complete within
just a few hours. Of these permissive inteins, the ones found in the catalytic subunit a of DNA
polymerase III (DnaE) of several species are good candidates for synthetic biology
applications. Nostoc punctiforme (Npu) DnaE is the fastest-splicing natural intein known to
date63,64 and it is relatively promiscuous with high-tolerance for flanking non-native extein
residues.49,62,65 Literature reports describe a library created with natural adjacent extein linkers
combinatorial mutations that demonstrate the potential of this trans-splicing intein for
bioengineering.60,66

1.3.2. Trans-splicing Inteins: Structure and Mechanism
The catalytic subunit a of DNA polymerase III (DnaE) of Nostoc punctiforme (Npu) was
observed to be split by two separate domains of an intein in 1998.61 This family of inteins is
characterised by two separate domains that undergo trans-splicing64 after folding together
(Figure 1.6). This DnaE intein lacks the endonuclease domain that characterises most homing
inteins and exhibits a tolerance to non-native exteins.49,62,65 The N-terminal domain, shown in
pink, is 108 residues long and contains a structured region and a highly hydrophobic Cterminal unstructured region in solution. The C-terminal domain, shown in purple, is 36
residues long, highly hydrophobic, and completely unstructured in solution.67 When the
unstructured regions of both intein domains come into contact , they fold together in a ‘capturecollapse’ mechanism, forming a hydrophobic pocket and adopting the correct conformation
for intein splicing (Figure 1.6A).68 The efficiency of the folding event depends both on the size
of the C-terminal extein, the larger and more hindering it is the slower the rate of splicing, and
on the amino acid composition of the extein and its interaction with the hydrogen bonding
arrays around intein splicing site.
The three residues directly involved in intein splicing (Figure 1.6B) are the first residue of
the N-terminal intein, a cysteine in the Npu DnaE intein; the last residue of the C-terminal
extein, an asparagine that pushes the reaction forward upon cyclisation; and the first residue
of the C-terminal extein, another cysteine.65,69 Other residues that contribute to intein splicing
by stabilizing the intein fold through hydrogen bonding include Leu2, Arg50, Gln53, Thr69 and
His72 from the N-terminal domain and Tyr16, Asp17 and His24 from the C-terminal domain.67
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Figure 1.6. (A) Crystal structure of fused Npu DnaE intein.67 N-terminal domain shown in pink, Cterminal domain in purple (PDB: 4LX3). (B) Catalytic site of Npu DnaE. Residues directly involved in
the splicing are Cys1 in the N-terminal domain and Asp36 of the C-terminal domain and Cys37 as the
first residue of the C-terminal extein. A web of H-bonds in catalytic site is the driving force for adopting
the correct conformation to strain the Cys1 amide bond to promote an N-S shift and splicing.

The chemical mechanism of Npu DnaE intein splicing (Figure 1.7, Panel 1) begins with a
thermodynamically driven nitrogen to sulfur acyl shift; most easily envisaged as a nucleophilic
attack of the first catalytic cysteine thiol upon the backbone carbonyl group of the previous
amino acid to form a thioester. This transfer of the peptide bond of the last residue of the Nterminal extein to the sidechain is common to all cis and trans-splicing inteins as the first
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residue always contains a nucleophilic functionality (cysteine, serine or threonine). This first
step has a high energy barrier and it is believed to be assisted either by the highly conserved
residues Thr69 and His72 polarising the peptide bonds of the two residues involved in the acyl
shift,70 or the intein folding into a very stable conformation to channel energy into the scissile
bond. Whilst Figure 1.7 depicts a cis-splicing intein for simplicity, the reaction is the same for
trans-splicing examples in the DnaE family.

Figure 1.7. Splicing mechanism of Npu DnaE intein. (1) N-S acyl shift between the first cysteine of the
intein and the last residue of the N-terminal extein forming a thioester. (2) Addition of C-terminal extein
first cysteine to the thioester to join both extein termini covalently. (3) Cyclisation of the last residue of
the C-terminal intein, an asparagine, to cleave the intein from the protein. (4) S-N acyl shift to restore
the peptide bond in the desired protein.

The next step (Figure 1.7, Panel 2) is a trans-thioesterification of the previously formed
thioester to the N-terminal cysteine of the C-terminal extein. This step is the least wellunderstood of the mechanism because the intermediate cannot be trapped, but site-directed
mutagenesis studies hinted that C-terminal extein Asp17 is critical for this step. The third step
is the cleavage of the intein (Figure 1.7, Panel 3) from the ligated protein. This step is driven
by the cyclisation of the last residue of the intein, an asparagine, forming a succinimide. This
cyclisation is quite rare, as the amide from the backbone more commonly acts as nucleophile
than the side chain amide. Structural and computational studies have shown that this step
depends heavily on the His24 in the C-terminal domain to activate the asparagine backbone,
and then to protonate the departing amine.71 The final step is an energetically favourable sulfur
to nitrogen acyl shift to restore the peptide bond. The previously intein-split protein can now
fold correctly and become active.
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1.3.3. Conditional Intein Splicing
Conditional intein splicing50 has been intensively studied in the last 20 years with the aim of
time-controlling protein activity in vitro and in living systems for research applications and with
therapeutic purposes in the long term.72,73 Trans-splicing inteins already possess the
advantage of only undergoing splicing when both domains are mixed together.60,65,66 This is
sufficient for in vitro activation of proteins,50 but inconvenient for in vivo applications. The only
currently viable method to incorporate trans-splicing intein-split proteins into cells is by
inducing their expression in the organism, however, they would undergo splicing immediately
after translation unless they can be controlled with un external stimuli. Intein splicing in nature
may be conditional on several stimuli such as pH, temperature,74 redox state75 or salt
concentration;76,77 whereas engineered inteins have been additionally reported to splice in
response to small molecule binding78,79 or light.80–82

1.3.3.1. pH, salt concentration, temperature and redox state
Intein splicing depends heavily on the protein fold, and specifically on a web of hydrogen
bonds, which makes this process highly sensitive to pH changes. Optimal splicing pHs vary
between 7 and 8.70 One notable exception to this is a non-natural cis-splicing intein (truncation
of the natural Synechocystis sp. DnaB intein), which was found to splice over 24 hours in vitro
only at pH 7.83 Salt concentration76,77 can also be used to control both cis- and trans-splicing
intein activity in vitro. Salt-dependent inteins are found in halophilic archaea and are inactive
at salt concentrations bellow 4 M sodium chloride. Salt-tuning of intein splicing has been used
for some industrial applications, such as protein ligation, isotopic labelling and protein
cyclisation.76
In contrast to pH and salt concentration, which can be only used to regulate intein activity
in vitro, temperature can be used to control intein splicing in vivo. Mycobacterium xenopi Gyr
A84 (DNA gyrase A) and Mycobacterium tuberculosis RecA85 (endonuclease recombinase A)
inteins were independently identified to be inactive at 37 ºC but active at 30 ºC when
overexpressed in bacteria. The opposite temperature dependence was observed in a mutant
yeast strain74 using the archetypical S. cerevisiae VMA1 intein.53 This system was inactive at
18 ºC but fully active at 30 ºC, the optimal growth temperature for yeast. The discovery of
these inteins has led to examination of thermophilic organisms to find new such inteins. Two
novel RadA86 (recombinase A) inteins were found in the hyper-thermophilic archaeon P.
horikoshii and T. sibericus. They were determined to operate at 75 ºC and 50 ºC respectively,
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with splicing complete after only 30 minutes. The main drawback of these inteins is that they
are currently limited to their native extein sequences. Further research is required to make
these inteins more promiscuous. However, even if this was achieved, they would be limited to
investigation of proteins tolerant of high temperatures and would only be compatible with in
vitro studies unless expressed in a thermophilic organism.
Redox state75 can also be used to control of intein activity in vivo. Intein splicing catalysis
depends on reduced cysteinyl thiols, and splicing can be halted by forming a disulfide bond
with either of the two catalytic cysteines (Figure 1.5, Panel 3). Synechocystis sp. (Ssp) DnaE
intein, a well-characterised intein58,63,70,87 tolerant of a wide variety of non-native flanking
residues, was engineered to cease its activity upon formation of a disulfide bond. A cysteine
was introduced in the third position prior to the first catalytic cysteine as a disulfide bond
partner by site directed mutation. A proline and a glycine were then introduced between these
cysteines to induce a tight turn that favours the formation of the disulfide bond. This protein
was overexpressed in the E. coli Origami strain that lacks thioredoxin and glutathione
reductases. Intein splicing was triggered in vitro by addition of reducing agents such as DTT
or TCEP. However, this method is limited to in vitro control due to the tight regulation of redox
potential in the cytoplasm of cells.

1.3.3.2. Small molecules
Conditional intein trans-splicing has been demonstrated in vitro78 and in vivo62,79 using the
rapamycin-sensitive protein domains FKBP12 and FRB (Figure 1.8A). Rapamycin is a
fungicidal bacterial molecule that was found to be a bidentate ligand that induces the
heterodimerisation between the transcription factor FKBP12 and the FRBP-rapamycin binding
(FRB) domain.88 These interactions have been exploited to engineer trans-splicing inteins that
activate upon addition of rapamycin. The first report of this system used it to effectively remove
a C-terminal polyhistidine tag (His6 tag) from maltose binding protein (MBP) using an
artificially-split VMA intein that has low background affinity between both halves. N-terminal
VMA intein was fused to FKBP12 domain and C-terminal VMA to FRB and no splicing
occurred under 1:1 mixture. Addition of rapamycin triggered heterodimerisation, resulting in
complete intein splicing after two hours.78 This system was extended to trigger splicing in
HEK293 cells (Human Embryonic Kidney) upon addition of rapamycin, with splicing in vivo
taking minutes instead of hours.62 This initial proof of concept has since matured into possible
therapeutic applications including triggering apoptosis in HeLa cells.79 A ribosome toxin, asarcine, was split using the same approach and was shown to induce apoptosis only in the
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presence of rapamycin. However, this system would be difficult to be implemented in therapy
as it requires concurrent delivery of three components into a cell to function and rapamycin
can also interact with its natural targets.

1.3.3.3. Light control
Optogenetic tools have been in the spotlight in the last 10 years in research. They can allow
tight control of protein activity and have been applied to the study of cellular processes,89
signalling cascades,90 and used for bioengineering.91–94 Photocages are small molecules that
contain a photolabile bond between a photosensitive molecule and a molecule of interest and
can be applied in several different contexts. For example, rapamycin was photocaged so that
it did not bind to the FKBP domain until a photolabile protecting group was removed,
controlling heterodimerization of both domains by light in vivo.95 However, this technique is
yet to be tested in the system with the mutant of the split VMA intein described above.

Figure 1.8. Bioengineering of inteins to control trans-splicing. (A) Fusion of FKBP12 and FRB to the
two domains of split mutant of VMA intein. This VMA intein mutant has low background binding affinity
between the domains. FKBP12 and FRB heterodimerise in the presence of rapamycin, inducing
interaction between both intein domains leading to intein splicing. (B) Key residues of C-terminal Ssp
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DnaE inteins were photocaged, preventing intein splicing until the system was illuminated. (C) The Cterminal domain of Npu DnaE was fused to the photosensitive AsLOV2 domain, preventing interaction
between the two intein domains. Irradiation of the system induces Ja unfolding from AsLOV2 and
‘decaging’ of the C-terminal domain, allowing interaction between both intein domains and intein
splicing.

Photocages (Figure 1.8B) have been also used to prevent intein splicing by directly caging
one of the key residues for splicing (e.g. cysteine,81,82 glycine73 and serine96). The first example
of this approach used amber suppression to incorporate a serine-based photocage using in
vitro protein expression. This serine was located in the catalytic position of the cis-splicing Tli
Pol (Thermococcus litoralis DNA polymerase) intein.96 This methodology produced very little
protein and is not easily or cheaply scaled-up. Solid-phase peptide synthesis was used to
specifically incorporate a photocage in the C-terminal domain of Ssp DnaE intein (37 amino
acids) to prevent its trans-splicing intein activity by photocaging a catalytic cysteine,82 or by
caging a backbone glycine to impede the interaction between both intein domains.73
Unfortunately, solid phase peptide synthesis is limited to short peptide chains as the yield
decreases dramatically with the increase in length of the peptide chain. The development of
in vivo genetic code expansion techniques has allowed the incorporation unnatural amino
acids in much higher yields, opening up many new possibilities (Figure 1.9).97–99
Incorporation of unnatural amino acids (Uaa) using the ribosomal machinery was first
reported by Schultz100 in yeast in 1989. Schultz et al. modified the anticodon of a
phenylalanine tRNAPHE to recognise the amber codon and mutated that phenylalanine
aminoacyl-tRNA synthetase to recognise different analogues of phenylalanine. Since then,
more than a hundred different Uuas have been successfully incorporated into proteins using
this technology. Incorporation of different Uaas alongside the canonical repertoire of amino
acids requires the development of an aminoacyl-tRNA synthetase/tRNACUA pair that is
orthogonal to native tRNA synthetases. Many different pairs have been developed for genetic
code expansion in E. coli, yeast and mammalian expression systems, but the four most
prevalent are: the Methanococcus janaschii tyrosyl-tRNA (MjTyrRS) synthetase/tRNACUA pair,
the E. coli tyrosyl-tRNA (EcTyrRS) synthetase/tRNACUA pair, the E. coli leucyl-tRNA
(EcLeuRS) synthetase/tRNACUA pair, and several different Methanosarcina pyrrolysyl-tRNA
(PylRS) synthetase/tRNACUA pairs. This last pair is the most widely used as it has the largest
and most promiscuous catalytic site.99,101
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Figure 1.9. Incorporation of unnatural amino acids by expansion of the genetic code. An orthogonal
tRNA synthetase aminoacylates only the unnatural amino acid to an orthogonal tRNA, binding no
natural amino acids. The unnatural amino acid is incorporated to the protein sequence in response to
an amber codon.

Developing new synthetases is a lengthy process that involves random mutations in the
tRNA synthetase catalytic site, and extensive tests with the natural amino acids on reporter
proteins (e.g. fluorescent proteins).102 The orthogonal tRNA synthetase is engineered to only
recognise and bind the unnatural amino acid of interest. The orthogonal tRNACUA is then
amino-acylated by the orthogonal synthetase and is used by the ribosome in response to a
blank codon, generally an amber stop codon, leading to the incorporation of the unnatural
amino acid in the nascent peptide (Figure 1.9). Incorporation of unnatural amino acids has
allowed the incorporation of chemical probes (Figure 1.10) to investigate enzyme
mechanisms,103 to study protein localisation inside the cell using fluorescent probes,102,104,105
to determine critical protein-protein interactions using FRET106 (Förster-resonance energy
transfer) pairs, to investigate structural changes, dynamic and electrostatic events in proteins
using infrared (IR),107 electron paramagnetic resonance (EPR)108 and nuclear magnetic
resonance

(NMR)109,110

probes,

and

to

control

protein

activity

by

light

using

photocages.81,92,111,112 Of particular interest are examples of the control of intein splicing by
light. A cysteine-based photocage81 (O-nitrobenzoyl cysteine) was incorporated by genetic
code expansion in the place of the first cysteine of an artificially-fused Npu DnaE intein, which
prevented its activity in mammalian cells. Intein splicing and formation of active mCherry (redfluorescent protein) occurred only in cells exposed to the appropriate wavelength of light,
allowing tight spatio-temporal control of intein splicing in vivo for the first time.
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Figure 1.10. Examples of the usage of unnatural amino acids for different applications: probes for
mechanistic studies, chemically reactive probes, fluorescent probes, click chemistry reactive probes,
photocages. The tRNA synthetase from which the mutant synthetase was evolved to incorporate each
one is noted below each amino acid.

Light-control of an intein can also be achieved by fusion to a light-oxygen-voltage (LOV)
domain (Figure 1.8C).80 LOV domains contain FMN, a riboflavin cofactor, that upon
illumination undergoes a covalent bond formation, creating a flavin-cysteinyl adduct which
leads to major structural changes. These changes allow LOV domains to be fused to other
proteins in such a way as to prevent their activity until the LOV domain is irradiated with blue
light, at which point the protein of interest is freed to become active. When light ceases, LOV
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domains recover their initial ‘dark state’ conformation, making the system reversible. The Npu
DnaE split intein was fused to Avena sativa LOV2 (AsLOV2) domain to control its activity by
light.80 LOV domains have the advantage over photocages of being reversible, but LOV
domain caging tends to be quite leaky; with the dynamic range achieved depending greatly
on the strength of the protein-protein interactions between the fused domains. Since intein
splicing is irreversible, LOV domains present no particular advantage over photocages in the
current context.

1.4. PROJECT AIMS
1.4.1. Context
Protein bioengineering is advancing rapidly with new proof-of-concept implementations of
novel technologies for promising therapeutic applications published every year. Protein
therapeutics have traditionally relied on extraction and purification from natural sources, and
artificial modification of proteins could only be achieved by selective chemical modification
under mild conditions so as not to degrade the protein of interest. Formation of undesired
products even under these mild conditions often significantly reduces the yield of the final
product, complicating the purification processes.
Recombinant production of therapeutic proteins was introduced 40 years ago and opened
the door to protein bioengineering due to the relative ease of large-scale production and
purification. Despite such advances, the proteins licensed as therapeutics to date act only
extracellularly, which greatly restricts the potential of proteins in medicine. Many methods exist
to efficiently deliver proteins inside cells to attempt to overcome this limitation, but it is not yet
a solved problem. The usage of regulatory proteins (e.g. inteins, LOV domains, etc.) and the
genetic code expansion provide further tools to control protein activity with non-invasive
stimuli. Most approaches have proven utility in vitro and in vivo for research applications, but
not yet for the creation of protein therapeutics.
We envision the future of protein therapeutics to be targeting the specific cells or tissues
that present an infection, deregulation or disease. We wished to develop a system in which
an inactive protein therapeutic is efficiently delivered to the cytosol of all the cells in a desired
region. This inactive protein would be then specifically activated in the cells or tissue of interest
through an external stimulus. This activation would lead to the protein performing its natural
activity in the selected cells only as shown in Figure 1.11.

26

Chapter 1. Introduction

Figure 1.11. Aim of the project: achieving spatio-temporal activation of delivered protein. (A) Inactivated
protein (blue circle with red star, red star stands for inactive protein) gets delivered non-specifically to
cells (shown in grey). (B) External stimulus is applied on selected cells. (C) Stimulus activating the
protein (green star stands for activated protein) only inside the selected cells. (D) Active protein
produces an effect on the selected cells (shown in red) while the rest remain unaffected (shown in
grey).

1.4.2. Aims and goals
Our proposal to achieve this goal is detailed in Figure 1.12. We aimed to deliver
inactive therapeutic proteins using a cell-penetrating peptide (CPP). Many CPPs have
been reported to deliver proteins inside cells and a number of existing and novel CPP variants
were tested during this work. Protein activity was interrupted by locating an intein in a key
region of the protein with a photocage trigger in the intein catalytic cysteine. This system was
denoted as Photo-activation of Delivered Protein (PADP). We wished to produce the PADP
system recombinantly in E. coli and purify it in the absence of light. This protein would be then
delivered into mammalian cells (1) and activated in a spacio-temporally defined manner by
light (2). After light activation, the protein would become active (3) and perform its biological
function.
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Figure 1.12. Our strategy: photoactivation of delivered protein. (1) A protein made inactive by the
presence of an intein, where the intein is photocaged to prevent its activity is delivered to the interior of
a cell by fusion with a CPP. (2) Once delivered, the photocage is decaged with light (external stimulus).
(3) This triggers intein splicing yielding the active protein of interest.
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Three main challenges were required to be overcome in the creation of the PADP system.
Firstly, the photocaged intein-split protein had to be expressed in E. coli and purified in a
reproducible fashion, developing the necessary protocols for optimising protein yields. The
system then needed to be characterised in vitro to determine the illumination time required to
effectively remove the photocage and trigger intein splicing and generate the maximum
splicing yield under different conditions. Secondly, different CPPs needed to be tested with a
reporter protein (mCherry) to investigate which CPP achieved the most efficient protein
delivery and to determine the optimal incubation conditions (time, protein concentration,
media, etc.). The CPP that exhibited the best cytosolic protein uptake would be selected to
determine the light-responsiveness of the PADP system to reconstitute mCherry after delivery
into mammalian cells. Thirdly, these results needed to be combined and applied to create new
examples of the final PADP system on potential therapeutic proteins (saporin and barnase)
and study their delivery and activation upon illumination in mammalian cells.
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2.1. INTRODUCTION
The first step in developing the Photo-activation of Delivered of Protein (PADP) system was
investigating its potential and limitations in vitro. Photocaging of the key first cysteine residue
in an intein has previously been reported in vivo81 for activation of mCherry, a red fluorescent
protein reporter.113 mCherry was expressed in HEK cells split in two by the cis-splicing fused
Npu DnaE intein, which was inactive by introducing a O-nitrobenzoyl (ONB) photocaged
cysteine in the place of the first reactive cysteine by gene code expansion. Decaging was
initiated by irradiating the cells with 365 nm light for 10 minutes, and chromophore maturation
was consecutively observed after 2 hours. This proven ability to fold and mature after splicing
made it an ideal system to prototype PADP in vitro and in vivo before exploring other proteins
with desirable activity in mammalian cells.
mCherry (Figure 2.1) is a non-natural mutant member of the green fluorescent protein
(GFP) protein family.113 GFP was identified in the 1970s by Shimomura as being the protein
responsible for making jellyfish ‘glow’.114 In 1974 he successfully extracted and purified the
238 amino acid GFP protein from Aequorea victoria (AvGFP) to study its physical and
luminescence properties.115 By performing different digestions and partial hydrolysis of the
protein, he determined that the full-length protein is responsible for its fluorescence, and he
identified three residues responsible for formation of its chromophore: a triad of serine (Ser65),
tyrosine (Tyr66), and glycine (Gly67) residues.116 He also proposed a possible structure of
the chromophore based on a ring formation in the glycine backbone and an oxidation of the
backbone. The gene encoding GFP was isolated almost 20 years later, in 1992, by Prasher,117
dramatically accelerating research into GFP and related proteins.
In 1994, Chalfie produced AvGFP in bacteria using the gene that Prasher isolated,118 and
suggested its potential as marker for gene expression due to its relatively high resistance to
formaldehyde and to photobleaching (completed after 10 minutes of continuous irradiation).
The same year, Tsien examined the role of oxygen in the chromophore formation, proposing
a mechanism for the glycine-backbone ring formation and the posterior backbone oxidation
with molecular oxygen.119 He also developed three new members of the GFP family through
mutagenesis: evolved GFP (a Ser65Thr mutation, improving GFP brightness and quantum
yield), blue fluorescent protein (BFP, Tyr66His) and cyan fluorescent protein (CFP, Tyr66Trp).
The crystal structure of AvGFP was solved in 1996 by Tsien, Örmo and Remingtion; revealing
that the chromophore is buried in the middle of an eleven-stranded ß-sheet barrel.120 Tsien
was also involved in the development of many new members of the GFP family, from which
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the most relevant are: yellow fluorescent protein (YFP, Ser65Gly and Thr203Tyr) in 1997;121
monomeric red fluorescent protein (mRFP) in 2002;122 and the monomeric ‘mFruits’ series in
2006,123 from which mCherry is the most widely employed in research. GFP has been used
for so many different applications (e.g. bioconjugation for cell co-localisation, expression
marker, co-transfection marker) in biology that its discovery earned Chalfie, Tsien and
Shimomura the Nobel Prize in Chemistry in 2008 for ‘the discovery and development of the
green fluorescent protein, GFP’.

Figure 2.1. Members of the green fluorescent protein (GFP) family. The GFP fluorophore is buried in
the ß-barrel structure of GFP and it is formed by three consecutive residues: serine, tyrosine and
glycine. GFP has been evolved to improve its optical properties and to shift its fluorescent properties.
Evolved GFP (EGFP) contains a serine mutation to threonine. Evolved cyan fluorescent protein (ECFP)
contains a tyrosine mutation to a histidine. Evolved yellow fluorescent protein (EYFP) contains a serine
to glycine mutation, and additionally a threonine to tyrosine in the wall of the barrel. Red fluorescent
protein (RFP) contains a serine to glutamine mutation and two oxygen-mediated oxidations in the
backbone. mCherry features the same backbone oxidation pattern as mRFP, and a serine to
methionine mutation.
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Red fluorescent proteins are more desirable than GFP for biological applications for two
main reasons. Firstly, GFP can be misleading as cell marker due to the cell autofluorescence;
cellular flavin and haem proteins absorb and emit light in the same spectral region as GFP
(450-540 nm). Secondly, longer wavelengths are less harmful for the cells allowing longer
imaging duration and also deeper penetration in the case of tissue imaging. Monomeric RFP
was evolved by mutagenesis of 33 residues in GFP, guided by a red dimeric fluorescent
protein found in the coral Discosoma (DsRed).122 RFP matures 10 times faster than DsRed
and allows deeper tissue penetration due to a 25 nm red-shift in fluorescence. Monomeric
proteins are highly desirable for protein conjugation applications to avoid artificially induced
protein aggregation. The principal disadvantages of RFP are that being monomeric makes it
more sensitive to photobleaching, and its brightness is decreased to 25% of that of EGFP
whereas DsRed remains as high as 95%. RFP was extensively studied in attempts to increase
its brightness and quantum yield, and to develop new red-shifted RFP family members for
applications in FRET pairs.124 This led finally to the development of the mFruits series, from
which mCherry is one of the brightest red fluorescent proteins (47% of that of EGFP) and it
exhibits the lowest photodamage (Table 2.1).123–125
Table 2.1. Optical properties of fluorescent proteins. Maximum wavelength (l) for excitation (Ex) and
emission (Em), quantum yield (QY), relative brightness to EGFP, extinction coefficient (EC) and
photobleaching half-live (t0.5).

Protein
sf AvGFP
EGFP
ECFP
EYFP
DsRed
mRFP
mCherry

lEx
(nm)
485
488
439
514
558
584
587

lEm
(nm)
510
507
476
527
583
607
610

QY
0.65
0.60
0.40
0.61
0.79
0.25
0.22

Brightness
(%)
160
100
39
151
176
37
47

EC (103
M-1·cm-1)
83.3
56.0
32.5
83.4
75.0
50.0
72.0

t0.5bleaching
(s)a
NDb
115
NDb
60
44
6.2
68

a

Half-life of photobleaching is the time that takes the protein to lose 50% emission intensity when illuminated at
the maximum excitation wavelength at an intensity equivalent to an emission of 1000 photons/s. bNot
determined/found in literature.

GFP chromophore maturation (Figure 2.2) begins with the cyclisation of the glycine 67
backbone amide with the peptide bond of the threonine (shown as R in the figure) and the
tyrosine 66 forming an oxo-imidazolidine ring (1). This ring is then oxidised by molecular
oxygen forming an oxo-imidazoline ring (2). Finally, dehydration leads to conjugation between
the aromatic ring of the tyrosine and the ring, yielding fluorescent GFP (3). Chromophore
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maturation of red fluorescent proteins undergo an additional oxidation step (4). It was
traditionally believed that the RFP chromophore formed via the same pathway as GFP.
However, recent crystal structures of mCherry with ‘on’ and ‘off’ chromophore analogues126
and computer simulation127 have suggested that the maturation of RFP goes through a blue
fluorescent intermediate (3’) instead of the GFP intermediate. Chromophore maturation halflife depends greatly on the nature of nearby residues.

Figure 2.2. Chromophore formation in GFP and RFP. The R group corresponds to the sidechains of
threonine for EGFP, glutamine for RFP and methionine for mCherry. (1) Cyclisation by attack of the
glycine amino group over the R-Tyr peptide bond. (2) Oxidation of oxo-imidazolidine ring by molecular
oxygen. (3) Dehydration to form GFP (shown in green) or BFP intermediate (shown in blue). (4)
Oxidation by molecular oxygen to form RFP/mCherry chromophore.

In summary, mCherry is convenient for preliminary studies towards developing a PADP
system as its activation can be directly tracked by fluorescence, and because it is monomeric,
red-emissive (minimal overlap with cell autofluorescence) and exhibits excellent stability at
low pH to resist endosomal degradation.128
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2.2. PRELIMINARY STUDIES OF THE SYSTEM
Before studying the PADP system in vitro two key issues were investigated in preliminary
experiments. Mammalian expression of the cis-splicing intein yielded a functional photoactivatable intein, however, bacterial expression of the system could lead to a mis-folded nonactive intein. Additionally, incomplete suppression of stop codons during incorporation of
unnatural amino acids can cause translation to terminate prematurely, ending in lower
expression than traditional proteins. Therefore, unprotected intein-split mCherry was firstly
expressed recombinantly in E. coli to ensure successful chromophore maturation after
expression and subsequent intein splicing. Optimal conditions for in vitro splicing were then
determined using the trans-splicing version of the system. Finally, the photocage-protected
intein-split mCherry PADP system was produced in bacteria, and intein cis-splicing was
studied in vitro upon irradiation.

2.2.1. Expression and purification of intein-split mCherry
The gene encoding the protein of interest, (144TAG) intein-split mCherry (Plasmid 1), with a
C-terminal poly-histidine tag (His tag) was purchased in a pET30b(+) vector (kanamycin
resistant) from Addgene (sequence in Table 6.3, Materials and Methods). A plasmid
encoding for (144Cys) intein-split mCherry (Plasmid 2) was produced by site-directed
mutagenesis (SDM) of plasmid 1. The primers used for SDM and protocols are described in
detail in Materials and Methods, section 6.2.9. Plasmid 2 was transformed in E. coli BL21
(DE3) cells for expression.
Expression in pET vectors is regulated by the T7 bacteriophage polymerase. Bacterial
strains such as BL21 (DE3) have been engineered to contain the gene encoding for T7 RNA
polymerase in their bacterial genomic DNA under the control of the lacUV5 promoter.
Plasmids 1 and 2 contain a gene encoding for the lac repressor protein (LacI).129 This protein
binds to the lac promoter in the bacterial genomic DNA, preventing E. coli native RNA
polymerase from binding to the lac promoter and transcribing the gene encoding T7 RNA
polymerase. In the presence of allolactose or IPTG (isopropyl β-D-1-thiogalactopyranoside),
LacI stops binding the lac promoter and the gene encoding T7 polymerase is transcribed and
the resulting mRNA translated. T7 polymerase then binds to a T7 promoter on the plasmid
before the gene of interest. IPTG is a widely employed allolactose analogue because it is not
degradable by bacterial metabolic enzymes, allowing ready control of protein expression.
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Expression of Plasmid 2 in BL21 (DE3) cells was induced with IPTG (1 mM) when the cell
culture achieved an optical density at 600 nm (OD600) of 0.6. Protein expression protocols are
detailed in Materials and Methods, section 6.2.11. Cultures were incubated at 25 ºC
overnight before harvesting the cells. Cell pellets were purple in colour, suggesting the inteininterrupted mCherry protein underwent splicing after translation and matured to its fluorescent
state. This was confirmed when the protein was extracted from the pellets by sonication and
purified by Ni-affinity chromatography column (Figure 2.3). Supernatant fractions recovered
after sonication and removal of cell debris by centrifugation were purple in colour. These
fractions were loaded onto a Ni-NTA column, and the coloured protein was retained on the
column (Figure 2.3B). The protein appeared to elute at imidazole concentrations between 60
and 300 mM. This was confirmed by SDS-PAGE gel (Figure 2.3A), which showed that most
part of the full-length protein (43 kDa) underwent splicing to yield mainly mCherry (28 kDa),
however, a mis-spliced C-terminal product was also observed (16 kDa). The fractions
containing protein (60 to 300 mM imidazole) were purple under visible light, and red under UV
light (Figure 2.3C). Considering that the aim of this experiment was only to prove that the
bacterial expression still yields a functional intein for this system, no further purification was
performed. Protein concentration was determined by absorbance spectroscopy and aliquots
were stored at -80 ºC for future experiments.

Figure 2.3. Purification of (144Cys) intein-split mCherry. (A) SDS-PAGE after protein purification by
Ni-NTA affinity chromatography (SN denotes supernatant). mCherry (28 kDa, black arrow) was the
main protein in purified fractions. Non-spliced full-length product (43 kDa) could still be observed above
mCherry. Mis-spliced C-terminal intein with C-terminal mCherry extein (16 kDa) can be observed below
mCherry. (B) Ni-NTA affinity column after loading post-sonication supernatant. mCherry (purple in
colour) binds to the column and flow-through presents negligible colour. (C) mCherry under visible light
(purple) and when irradiated with UV light (red).
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2.2.2. Trans-splicing intein-split mCherry
The next step was to determine the optimal in vitro splicing conditions using the trans-splicing
system before studying the artificially fused cis-splicing photocaged construct (Figure 2.4).

Figure 2.4. Trans-splicing intein-split mCherry designed to optimise in vitro splicing conditions. No
photocage is needed to control activity as reaction only occurs upon mixing. This design can be easily
scaled up to test temperatures and additives.

2.2.2.1. Expression and purification
DNA encoding the N-terminal mCherry extein and the N-terminal intein (plasmid 3, Figure
2.5A) was amplified from plasmid 1 by polymerase chain reaction (PCR) and subcloned into
a pET19b vector with a N-terminal His tag. The gene encoding the C-terminal intein and the
C-terminal mCherry extein (plasmid 4, Figure 2.5B) was amplified by PCR and cloned into a
pETm11 vector containing a N-terminal His Tag followed by a TEV (Tobacco Etch Virus)
protease recognition site. The primers used for these PCR reactions and protocols are
described in detail in Materials and Methods.

Figure 2.5. Plasmid maps of trans-splicing intein-split mCherry. (A) N-terminal His-tagged mCherry
fused to N-terminal intein in a pET19b vector. (B) TEV-cleavable His-tag C-terminal intein fused to Cterminal mCherry in a pETm11 vector.
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Plasmids 3 and 4 were transformed in BL21 (DE3) cells and expressed at 25 ºC overnight.
Attempts were made to purify both N- and C-terminal fragments by affinity chromatography
(Figure 2.6), but only the N-terminal segment produced any soluble protein. The cell pellet
was then resuspended in buffer B containing urea as a denaturant and protein was
successfully purified by Ni-NTA from this solution (Figure 2.6B). The C-terminal construct was
also purified by this modified procedure (Figure 2.6C). Both proteins were then refolded slowly
by buffer-exchange in an Amicon system (see Materials and Methods).

Figure 2.6. Purification of trans-splicing (144Cys) intein-split mCherry. (A) SDS-PAGE after N-terminal
protein purification by Ni-affinity chromatography. (B) SDS-PAGE after N-terminal protein purification
in denaturing conditions by Ni-affinity chromatography. (C) SDS-PAGE after C-terminal protein
purification in denaturing conditions by Ni-affinity chromatography. Desired protein shown with black
arrow.
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2.2.1.1. Tracking trans-splicing in mCherry
Splicing reactions between soluble N-terminal construct and refolded C-terminal construct
were studied under different conditions (Table 2.2 and Figure 2.7). Firstly, the aim was to find
the optimal splicing conditions in vitro, and then determining if protein refolding diminished the
activity of the N-terminal construct. Previous literature on Npu DnaE intein trans-splicing in
vitro showed that the presence of a reducing agent (e.g. DTT or TCEP) and a crowding
agent130 (e.g. glycerol) led to increased splicing yields.63 These additives were proposed to
emulate the environment inside the cell.
Reactions were performed in 1.5 ml Eppendorf microcentrifuge tubes overnight at 37 ºC in
a final volume of 500 µl and a final concentration of 5 µM unless specified otherwise. Reaction
11 contained the refolded N-terminal construct in the most widely used conditions for in vitro
splicing for comparison to the natively folded protein. Reactions 1 and 2 were immediately
quenched with SDS loading dye after mixing as time zero control. The remaining reactions
were quenched after the overnight incubation for SDS-PAGE analysis (Figure 2.7A).
Sufficient material for SDS-PAGE analyses were obtained from only 30 µl of the reaction
mixture.
Table 2.2. Preliminary comparison between soluble and refolded N-terminal construct. Reactions 1 and
2 were quenched with SDS after mixture. Reactions 3-14 were incubated at 37 ºC overnight before
SDS quenching. Concentration of constructs of 5 µM each unless otherwise specified.

Conditions

1

2

3

4

5

6

7

8

9

10

11

12

13

14

N-terminal

S(a)

R(b)

S

S

S

S

S’(c)

S

S

S

R

S

S(d)

S(e)

DTT (mM)

-

-

-

5

-

5

5

-

-

5

5

20

5

5

TCEP (mM)

-

-

-

-

-

-

-

5

5

-

-

-

-

-

Glycerol (%)

-

-

-

-

10

10

10

-

10

-

10

10

10

10

PEG (%)

-

-

-

-

-

-

-

-

-

5

-

-

-

-

a

S = Soluble N-terminal construct. b R = Refolded N-terminal construct. c S’ = Precipitate of soluble N-terminal
construct in those conditions. d 10 µM proteins. e 20 µM proteins.

Analysis by SDS-PAGE was insufficient to confirm mCherry formation due to the mass of
this protein being almost identical to the mass of the N-terminal construct (28 kDa).
Disappearance of C-terminal (16 kDa) construct was observed in many of the reactions to
some extent, but no conclusions about the success of the reaction could be drawn, as this
observation could be due to precipitation rather than mCherry formation. However, it
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suggested there was no apparent formation of undesired secondary products. Comparing
lanes 6, 7 and 11 seemed to indicate that precipitated N-terminal protein did not undergo
splicing whereas both native and refolded protein appeared approximately equivalent. These
reactions (200 µl) were further studied by fluorescence spectroscopy in plate reader to
determine quantitatively the formation of mCherry (Figure 2.7B).

Figure 2.7. Preliminary test of Npu DnaE trans-splicing reactions to generate mCherry. Reactions 1
and 2 were halted immediately after mixing the components. Analysis of the remaining reactions (3 to
14) was performed after incubating the samples at 37 ºC overnight. (A) Qualitative analysis by SDSPAGE. (B) Quantitative analysis by fluorescence spectroscopy, n = 1.

Analysis by fluorescence spectroscopy (Figure 2.7B) suggested that DTT was preferred
over TCEP as reducing agent, and glycerol over polyethylene glycol (PEG) as crowding agent.
The presence of TCEP (reactions 8 and 9) led to visible precipitation and no formation of
matured mCherry was observed. Similarly, the reaction mixture containing 5% PEG (reaction
10) presented almost a six-fold decrease in fluorescence when compared to the reaction in
the presence of 10% glycerol (reaction 5). Increasing the concentration of starting protein in
the reaction (reactions 13 and 14) led to a linear increase in fluorescence as it would be
expected for a 1:1 intermolecular reaction. The reaction using refolded N-terminal protein
(reaction 7) showed significantly enhanced fluorescence compared to using soluble Nterminal (reaction 6), suggesting that refolding is not detrimental to the splicing yield.
Splicing reactions were then screened at three temperatures (4, 25 and 37 ºC) overnight
with glycerol and/or DTT (Figure 2.8). Addition of DTT had a positive effect on the splicing,
concordant with previously reported results.63 Surprisingly, addition of glycerol in the absence
of DTT was detrimental. However, adding both DTT and glycerol clearly improved splicing
yields compared to reactions with only one of them or no additives. The general conclusion of
this experiment was that this intein showed the best in vitro performance at 37 ºC.
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Figure 2.8. Temperature screening of trans-splicing Npu DnaE intein-split mCherry. Reactions were
prepared in a single vessel, and then separated into three portions and incubated overnight at 4 ºC
(shown in blue), at 20 ºC (shown in green) or at 37 ºC (shown in red) respectively. Final values
represented are the mean of fluorescence values, n = 3.

SDS-PAGE gels of intein splicing reactions showed little difference between the lanes
(result not shown) and no unexpected bands appeared in the overnight incubation. These
results suggest that intein splicing was negligible for this trans-splicing test system. More
detailed optimisation of trans-splicing reactions was carried out by recording fluorescence in
plate reader as shown in Figure 2.9. After mixing the two components, fluorescence was
measured every 5 minutes for 5 hours. Both soluble and refolded N-terminal constructs were
tested, and each reaction was performed in triplicate. The two N-terminal constructs and Cterminal one were exchanged into a stock solution of 30 µM in ‘splicing buffer’ (20 mM Tris
pH 7.3, 300 mM NaCl, 2 mM EDTA) prior to the experiments. Additives were added when
necessary from stock solutions in ‘splicing buffer’: glycerol was kept at 50% concentration and
DTT at 500 mM. The final concentration of each component was 5 µM at a final volume of
200 µl in all experiments. The first observation from this experiment was that in the absence
of additives, the splicing reaction was approximately 25% higher yielding with the soluble Nterminal construct than the refolded version. We hypothesised that this difference could be
due to the refolding yielding additional non-native conformations, not all of which were active.
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Figure 2.9. In vitro characterisation of Npu DnaE trans-splicing efficiency under various conditions.
Each data value corresponds to the mean +/- SD, n = 3. (A) Effect of increasing concentration of DTT
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in soluble N-terminal trans-splicing. (B) Effect of increasing concentration of DTT in refolded N-terminal
trans-splicing. (C) Effect of increasing concentration of glycerol in soluble N-terminal trans-splicing. (D)
Effect of increasing concentration of glycerol in refolded N-terminal trans-splicing. (E) Double effect of
increasing concentration of DTT and glycerol in soluble N-terminal trans-splicing. (F) Double effect of
increasing concentration of DTT and glycerol in refolded N-terminal trans-splicing.

Splicing efficiency in the presence of increasing concentrations of DTT (5, 50, 500, 5000
and 10,000 µM) was tested for soluble (Figure 2.9A) and refolded N-terminal constructs
(Figure 2.9B). No significant effects were observed in the reactions containing the soluble Nterminal construct (overlapping error bars for all curves). However, addition of DTT resulted
in a clear increase in splicing for the refolded construct, reaching a 2-fold increase with 5 mM
DTT. This phenomenon could be due to DTT cleaving an extein thioester triggering the
reaction in some of the non-active conformations. This has been reported to be used as a final
step in protein purification using intein affinity columns, in which DTT and other reducing
agents are used to cleave the protein from the intein.131 In these examples, the thiol of DTT
attacks the peptide bond between the intein cysteine and the last residue of the protein,
leading to the cleavage of the peptide bond.
Addition of glycerol seemed to have no effect on intein splicing at low concentrations (2.5
and 5 %) and a detrimental effect at higher concentrations for both soluble (Figure 2.9C) and
refolded constructs (Figure 2.9D). In contrast, including both DTT and glycerol as additives
significantly increased intein splicing for the refolded construct (Figure 2.9F). Reaction with
the soluble N-terminal construct (Figure 2.9E) was slightly enhanced in the presence of DTT
and glycerol, but not nearly as significant as for the reactions with the refolded N-terminal
protein. Each reaction exhibited a dead-time approximately matching the mCherry
chromophore maturation half-life, reported to be approximately 30 minutes.132
Fluorescence results after 5 hours are summarized in Figure 2.10. The splicing yields for
the soluble N-terminal construct (shown in orange) barely improved in the presence of
additives, but reactions with the refolded version (shown in blue) improved by more than 2fold in the presence of both glycerol and DTT, leading to yields 25% higher than the best
reactions of the soluble construct. However, the changes observed among different additives
are not completely conclusive as they could be linked to mCherry maturation efficiency instead
of intein splicing. One possible experiment to address splicing kinetics and efficiency would
be splitting two FRET partners (e.g. RFP and GFP) with this trans-splicing intein. As the key
experiments take place in the cytosol of mammalian cells, where the reaction environment is
different from these in vitro studies, no more experiments were performed on this.
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Figure 2.10. Comparison of soluble and refolded N-terminal splicing efficiency at 37 ºC. Fluorescence
mean +/-SD (n = 3) after 5 hours in Figures 2.9B-E, and experiments with different ratios of DTT and
glycerol (kinetic curves not shown).

The conditions selected as the most favourable for intein splicing in vitro were 500 µM DTT
and 5 % glycerol with refolded N-terminal protein. If the final fluorescent values were due to
changes in splicing efficiency rather than mCherry maturation, these low values could be due
to two reasons: splicing conditions in vitro not being as favourable as inside the cells, and/or
the flanking residues in mCherry and size of the exteins playing a detrimental role in splicing.
The first issue would not be a problem as the goal of the project is to perform splicing in the
cytosol of mammalian cells. The second aspect could be addressed by adding a linker with
the optimal residues for splicing at both ends of the intein. However, as maintaining the
integrity of the target protein sequence is pivotal for therapeutic applications, this hypothesis
was not tested at this point. Instead, light-dependent cis-splicing activity was tested in vitro.
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2.3. INCORPORATION OF (ONB)-CYSTEINE TO INTEIN-SPLIT MCHERRY
2.3.1. Synthesis and characterisation photocaged-cysteine
(O)-nitrobenzoyl (ONB) cysteine (1) was synthesised in four steps (Figure 2.11) starting from
3’,4’-(methylenedioxy)acetophenone (1a) as according to published procedures.111,133 Details
of reaction and purification steps, and NMR and MS characterisation described in Chapter 6.
Materials and Methods.

Figure 2.11. Four-step synthesis of (O)-nitrobenzoyl cysteine (1). The first step consisted of a mild
nitration of 1a overnight (room temperature, no sulfuric acid involved). A racemic mixture of 1c was
obtained by sodium borohydride reduction of 1b overnight. The product was purified when necessary
by flash chromatography over silica gel. Next step consisted in brominating 1c with phosphorus
tribromide overnight to yield 1d. The product obtained was purified by flash chromatography over silica
gel. The final step was a nucleophilic substitution of the bromide in 1d by L-cysteine to obtain 1.

Decaging of (ONB)-cysteine was triggered by illumination at 365 nm and progress of the
subsequent reaction was analysed by LC-MS (Figure 2.12). A stock solution of 1 (2 mM) in
sodium hydroxide (10 mM) was diluted to prepare a 10 µM solution in a test tube. This sample
was irradiated for 1 minute with a Panacol-Elosol UV point light source fitted with a 360 ± 5
nm OG band pass filter. Decaging was complete after 1-minute of irradiation. Mass
spectrometry of samples found after irradiation gave peaks at mass to charge ratios
corresponding to a dimer formed by two photocage molecules.
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Figure 2.12. Liquid-chromatography mass-spectrometry (LC-MS) analysis of (ONB)-cysteine (10 µM)
decaging upon illumination at 360 nm using an acetonitrile:water gradient with 0.1% trifluoroacetic acid
from 0 to 100% over 10 minutes (TFA). (A) LC chromatogram of sample (10 µM) before irradiation
showing a peak for 1 at 7.1 minutes. Acetonitrile gradient from 0 to 100% in 10 minutes, 1%
trifluoroacetic acid (TFA). (B) MS spectra of highlighted peak in A, corresponding to mass of (ONB)cysteine. Calculated mass for [M+H]+: 315.1 g/mol, found mass: 315.0 g/mol. (C) LC chromatogram of
sample (10 µM)of 1 after 1 minute of irradiation with 360 nm light, showing a new peak at a retention
time of 9.2 minutes. (D) MS spectra of highlighted peak in C, corresponding to mass of (ONB)-dimers,
suggesting decaging was successful. Calculated mass for [M+H]+: 371.1 g/mol, found mass: 371.1
g/mol.

The tRNA synthetase specific for (ONB)-cysteine incorporation is a mutant of the MbPylRS
developed by Chin and coworkers111 and denoted PCC2RS. We initially intended to use
(ONB)-cysteine in the mCherry system only as a proof of concept in vitro and in vivo, due to
its activation wavelength being 365 nm; which is poorly tissue-penetrating and can cause DNA
damage. We planned to later switch to brominated hydroxycoumarin (BHC)-cysteine (2), a
single-photon and two-photon labile photocage that can be activated at 365, 450 and/or 740
nm, allowing a deeper tissue penetration and reduced photodamage. Attractively, a tRNA
synthetase has been already evolved for incorporation of this photocage.134 However, during
this work, Distefano and coworkers135 reported that (BHC)-cysteine undergoes a methyl shift
instead of photocleavage. At this point, the synthesis of this photocage was already completed
(Figure 2.13). Details of reaction and purification steps, and NMR and MS characterisation
described in Chapter 6. Materials and Methods.
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Figure 2.13. Three-step synthesis of (BHC)-cysteine (2). Bromination of meta-cresol gave 2b. A
Pechmann condensation between 2b and ethyl-acetoacetate chloride yielded a racemic mixture of 2c.
The final step was a nucleophilic substitution of the chlorine in 2c by L-cysteine to obtain 2.

The scientific literature contains reports of another suitable two-photon cysteine photocage:
nitrodibenzofuran (NDBF)-cysteine.136 (NDBF)-cysteine can be decaged by irradiation at 365
nm or at 800 nm, which makes it ideal for the PADP system. However, to the best of our
knowledge, no synthetase has yet been evolved for it. Creating new synthetases by directed
evolution is time-consuming and there is no guarantee of success so that it was decided to
focus on using (ONB)-cysteine in this research, as this system can be extrapolated to any
Uaa as long as a suitable synthetase is available.

2.3.2. Incorporation of (ONB)-cysteine in intein-split mCherry
Incorporation of unnatural amino acids in E. coli requires genes from two plasmids to be coexpressed: one containing the protein of interest with an amber codon in the desired position
for the Uaa and one containing both the tRNA synthetase and the tRNACUA. The presence of
both plasmids is enforced by dual antibiotic resistance selection. Plasmid 2 was purchased
with a pBR322 origin of replication, and consequently the plasmid encoding the synthetase
needed to be a compatible low copy vector, which is beneficial to the expression as orthogonal
tRNA synthetases are toxic to E. coli to some extent. Some native E. coli proteins are
terminated by an amber codon, and in the presence of the orthogonal tRNA synthetase and
the uaa, the protein would continue to be translated instead of terminating.
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The tRNA synthetase specific for (ONB)-cysteine incorporation is a mutant of the MbPylRS
developed by Chin and coworkers,111 denoted PCC2RS (sequence in Table 6.3, Materials
and Methods). A plasmid containing the PCC2RS in a pUC vector (kanamycin resistant) was
kindly received from Dr. Yu-Hsuan Tsai (Cardiff University). PCC2RS was cloned into a pKW1
vector (spectinomycin resistant), also kindly obtained from Dr. Tsai, using the Gibson
assembly technique (Figure 2.14A, protocol and primers described in Materials and
Methods).137 The new plasmid was sequenced to ensure the desired product was obtained,
before determining its efficacy at incorporating (ONB)-cysteine.

Figure 2.14. Preparation and testing of PCC2RS in a pKW1 vector for incorporation of (ONB)-cysteine.
(A) Plasmid map. PCC2RS expression regulated by GlnS constitutive promoter. (B) SDS-PAGE gel of
purification of (ONB)-Cys in sfGFP. Pel = pellet, SN = supernatant, FT = flow-through. (C) Irradiation at
365 nm of the purification fractions.

Initial attempts to incorporate (ONB)-Cys in intein-disrupted mCherry showed no protein
expression. Further expression trials were performed using (150TAG)-superfolded greenfluorescent protein (sfGFP) instead, a commonly used reporter for incorporation of unnatural
amino acids, as this protein is only florescent when the unnatural amino acid is successfully
incorporated. (150TAG)-sfGFP in a pCX vector (ampicillin resistant) was received from Dr.
Yu-Hsuan Tsai (Cardiff University) to test the efficacy of the new plasmid. PCC2RS/pKW1
and (150TAG)-sfGFP/pCX were co-transformed in BL21 (DE3) cells for expression and
incorporation of (ONB)-Cys as described in Materials and Methods.
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Protein products were purified by nickel affinity chromatography and the fractions were
visualised by SDS-PAGE gel (Figure 2.14B). No clear band was observed corresponding to
sfGFP (28 kDa). Nevertheless, samples of each fraction were illuminated at 365 nm in a UVP
Benchtop 2UV transilluminator (Figure 2.14C). Fluorescence was observed in all of the
fractions that contained imidazole, while no fluorescence was observed for the flow-through
from the column containing E. coli proteins. This suggested that (ONB)-Cys was incorporated
in sfGFP, but at such a low expression levels that the system would not be viable for the
desired application.
Three copies of the PCC2RS tRNA synthetase were subcloned into a pCDF plasmid to
improve the incorporation of (ONB)-cysteine (Figure 2.15A). This pCDF vector, also kindly
obtained from Dr. Tsai, places the synthetases under a T7 promoter, in contrast to the pKW1
that was controlled by a constitutive promoter, and contains a CloDF13 origin of replication.
Subcloning was achieved by Golden Gate assembly (protocol and primers described in
Materials and Methods).138 A sfGFP expression test was successful (gel not shown),
therefore an expression test was performed for (144TAG) intein-split mCherry.
(144TAG) intein-split mCherry was co-transformed with 3xPCC2RS/pCDF in E. coli BL21
(DE3) cells. The expression and purification protocols are described in detail in Materials and
Methods. Product protein was stored in the dark and protein purification was performed under
dim red lighting to prevent prematurely triggering (ONB)-Cys decaging. Product protein was
identified in inclusion bodies when the cell pellet was sonicated in non-denaturing ‘lysis buffer’
(20 mM Tris, 30 mM NaCl, 20 mM imidazole, pH 8.0). Protein was then purified by Ni-NTA
affinity chromatography in ‘denaturing lysis buffer’ (20 mM Tris, pH 8.0, 8 M urea, 30 mM
NaCl, 20 mM imidazole). Fractions were studied by SDS-PAGE electrophoresis, and bands
corresponding to the expected mass of (ONB)-mCh-intein-erry (43 kDa) was observed in the
purification fractions of 30 to 300 mM imidazole (Figure 2.15B). These fractions were
combined and refolded in the dark by centrifugal concentration in a Sartorius Vivaspin column
followed by dilution with buffers containing decreasing concentrations of urea (6, 4, 2, 1 M
urea buffer). Protein was concentrated to 0.5 ml by centrifugal filtration to test if the intein
could be still activated by illumination after refolding (Figure 2.15C). The sample was split in
two 250 µl aliquots, one was kept in the dark as a control and the other was irradiated for 2
minutes at 365 nm in a UV quartz cuvette (light path of 1 mm) using an UVP Benchtop 2UV
transilluminator (~4 mW/cm2). Samples were imaged with a ChemiDocTM XRS+ gel imager
(Bio-Rad) immediately after irradiation and after 2-, 4- and 24-hours after incubation at 37 ºC.
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An increase in fluorescence in the irradiated sample was evident after 4 hours. Further protein
was expressed and purified following the method described above. This protein was buffer
exchanged into ‘splicing buffer’ (20 mM Tris, 300 mM NaCl, 2 mM EDTA, pH 7.3) and the
protein concentration was determined by Bradford assay.

Figure 2.15. Preparation and testing of 3xPCC2RS in a pCDF vector for improving the incorporation of
(ONB)-cysteine. (A) Plasmid map. PCC2RS expression is regulated by T7 promoter. (B) SDS-PAGE
gel of purification of (ONB)-Cys in (144TAG)-mCh-intein-erry. Pel = pellet, * = spacer, SN = supernatant,
FT = flow-through. (C) Light activation of intein splicing and chromophore maturation over 24 hours.

2.3.3. Fluorescence Studies of Photocaged-Intein mCherry
There are several key aspects to consider before performing the final experiments in cells
such as confirming the activity of the fused cis-intein, gauging the irradiation time required for
decaging, and studying the effect of pH on the splicing rate. While intein refolding seemed to
have no effect on the splicing efficiency in the trans-splicing system, Npu DnaE intein is
naturally trans-splicing and to our knowledge in vitro studies of the fused version have never
been performed before. Intein folding may be adversely affected by the fusion of the domains
or refolding might affect the splicing activity in the cis-splicing version.
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Alternatively, the higher effective molarity may also prove highly beneficial. Considering
that 365 nm light can cause DNA photodamage in cells,139 identifying the minimal irradiation
time necessary to ensure complete decaging was highly desirable. Another potential limiting
factor is pH in different cell compartments. Endosomal uptake is the most likely cell-delivery
pathway for proteins; however, endosomal escape is not ensured. Endosomes start at pH of
6.0 and they get acidified over time, whilst the cytosol pH is of around 7.0, hence studying
intein splicing in a pH gradient was necessary to fully characterise the photocaged cis-splicing
intein in vitro.

2.3.3.1. Irradiation Studies
(ONB)-mCh-intein-erry (5 µM, 200 µL/well) in ‘splicing buffer’, supplemented with 500 µM DTT
and 5% glycerol, were irradiated in a UV quartz cuvette with 365 nm light using a UVP
Benchtop 2UV transilluminator for 5, 10, 15, 30, 45, 60 and 120 seconds, with the exception
of ‘No UV’, which was kept in the dark as negative control. Samples were transferred from the
cuvette to 96-well plates and fluorescence for each sample was measured every 5 minutes
over 5 hours at 37 ºC (Figure 2.16A).

Figure 2.16. Irradiation of photocaged intein-interrupted mCherry. (A) Mean of fluorescence +/-SD of
mCherry maturation over 5 hours after irradiating the sample at 365 nm for several time points from 5
seconds to 2 minutes (n = 3). Below 15 seconds irradiation, no mCherry maturation was observed. (B)
Plot of mean of fluorescence values +/-SD after 5 hours from sample illumination over irradiation at 365
nm (n = 3). Maximum decaging was achieved after 2 minutes irradiation.
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The fluorescence value after 5 hours for each experiment was plotted (Figure 2.16B) to
determine the trend. No significant activation was observed bellow 30 seconds irradiation. No
difference in mCherry maturation was observed between 45 and 60 seconds of irradiation,
but 2 minute-irradiation was clearly more favourable. It seemed that between 1 and 2 minutes
of irradiation a plateau of activation was reached. Thus, 2 minutes of irradiation was used for
later light activation of intein splicing experiments. Samples were also irradiated for 5 and 10
minutes, however, no chromophore maturation was observed over time and the samples
showed precipitation. This could be due to over-heating and denaturing of the samples during
the irradiation (results not shown for better figure clarity).
Samples of pre and post 120 seconds irradiation (Figure 2.17) were subjected to mass
spectroscopy (MS). The pre-irradiation sample exhibited a single peak in the total ion current
(TIC) chromatogram (Figure 2.17A). The mass of this peak (1’) corresponds to photocaged
full-length intein-split mCherry (retention time: 27.80 min, calculated mass: 43544.97 Da,
found mass: 43542.0039 Da). In contrast, the TIC chromatogram of the irradiated sample was
more complex, with many more distinct peaks (Figure 2.17B). Only four peaks could be
rationally assigned, and they are numbered from 1 to 4. The first peak (1) corresponds to a
non-fluorescent by-product of the reaction, the cleavage of C-terminal mCherry (retention
time: 16.90 min, calculated mass: 11564.94 Da, found mass: 11564.50 Da). The mass of the
next peak (2) fitted fluorescent mCherry (retention time: 24.03 min, calculated mass: 27536.01
Da, found mass: 27535.50 Da). The two main peaks correspond to the mass of decaged fulllength intein-split mCherry (3, retention time: 27.31 min, calculated mass: 43350.97 Da, found
mass: 43348.50 Da) and of Npu DnaE intein (4, retention time: 27.67 min, calculated mass:
15832.97 Da, found mass: 15832.00 Da). See Appendix, Section III for extended figure.
This result suggests that the full-length protein falls into a non-active protein fold, providing
more evidence towards the hypothesis that the low fluorescent values are linked to low
splicing efficiency for this system rather than failed chromophore maturation. However,
splicing yield may be improved in vivo by the presence of chaperons to assist the intein to fold
correctly.
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Figure 2.17. Mass spectrometry characterisation of photocaged intein-split mCherry before and after
irradiation (and overnight incubation at 37 ºC). (A) Total ion current (TIC) chromatogram of preirradiated sample. (B) TIC chromatogram of 2-minute illuminated sample after overnight incubation at
37 ºC. Main peak from pre-irradiated chromatogram is split into two, and smaller peaks appeared.
Peaks that could be identified are numbered 1 to 4.
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2.3.3.2. pH-dependent splicing
Intein splicing is dependent on a web of hydrogen bonds in the catalytic core, as shown in
Figure 1.6, and because different cell components have different pHs depending on their
biological role, the location of the intein in the cell might affect splicing rates. Most of the cell
components, including the cytosol, are maintained at pH 7.2 – 7.4, but others vary, particularly
mitochondria (pH 8.0), endosomes (6.0 – 6.5) and lysosomes (4.5 – 5.0).140 If the PADP
system fails to achieve endosomal escape, the endosome will acidify and turn into a lysosome,
or it may be relocated to another cell compartment.
Splicing of (ONB)-mCh-intein-erry was therefore tested under different pH conditions
(Figure 2.18). (ONB)-mCh-intein-erry (25 µM) was diluted to a final concentration of 2.5 µM
in a set of solutions of pH ranging from 3 to 8 (composition these buffers described in
Materials and Methods, Section 6.2.17). Splicing was observed to occur readily at pH 6 –
8, indicating light-triggered splicing still should occur if the protein is relocated to the
mitochondria or remained trapped in early endosomes. A slight increase in fluorescence could
be detected at pH 5, indicating that this reaction might occur in the early lysosome as well,
however, the increase was so small that probably it may not be detectable inside a cell. No
splicing reaction was observed bellow pH 5, possibly due to the protonation of the acidic
sidechains of residues involved in the reaction.

Figure 2.18. Intein splicing in a pH range (3-8). Mean of fluorescence +/-SD after overnight incubation
at 37 ºC, n = 3. ‘UV’ samples were irradiated for 2 minutes at 365 nm.

56

Chapter 2. Characterisation of Photocaged-Intein Splicing

2.3.3.3. Screening Conditions
Several conditions were tested to compare cis-splicing with trans-splicing for intein-disrupted
mCherry (Figure 2.19). Reactions of (ONB)-mCh-intein-erry in ‘splicing buffer’ supplemented
with 500 µM DTT and 5% glycerol at 5 and 10 µM concentrations were performed in triplicate
and were either irradiated for 120 seconds in a quartz cuvette or kept in the dark as negative
control (referred as ‘No UV’). Modified conditions were also tested: no DTT, an increased
concentration of DTT (5 mM) and an increased concentration of glycerol (10%). Samples were
transferred to a 96-well plate at 37 ºC and fluorescence was measured by a plate reader every
5 minutes for 5 hours (results not shown). The first and last measurement for each reaction is
plotted in Figure 2.19.
Cis-splicing seemed to follow a linear trend as doubling the amount of protein led to
approximately double the fluorescence. Doubling the concentration did not change the shape
of the reaction curve (curves not shown), suggesting concentration independence, hence an
intra- rather than the natural inter-molecular reaction was suggested to be taking place.
Reactions with increased concentration of DTT and glycerol had a slightly positive effect on
the final fluorescence value, while eliminating DTT from the reaction conditions had a
significant detrimental effect.

Figure 2.19. Initial fluorescence and measurements after 5 hours at 37 ºC for intein cis-splicing under
various conditions. Mean of fluorescence +/-SD, n = 3, ‘UV’ corresponds to 5 µM protein sample in
‘splicing buffer’, which was irradiated for 2 minutes at 365 nm. The other four reactions have the same
composition of the ‘UV’ reaction with the specified modifications.
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2.4. DISCUSSION AND SUMMARY
A direct comparison between cis-splicing and trans-splicing mCherry (5 µM) under the same
reaction conditions showed no significant difference (Figure 2.20) (‘splicing buffer’
supplemented with 500 µM DTT and 5% glycerol; 5-hour incubation at 37 ºC). This result
answers three main questions. We firstly aimed to determine if fusing the naturally transsplicing intein into a cis-splicing version would have any effect on its efficacy. Although the
fusion site is located in a long unstructured loop of the N-terminal portion of Npu DnaE, this
intein has been reported to undergo a ‘capture and collapse’ mechanism with complex folding
dynamics between both subunits in a hydrophobic pocket, and therefore, disruption of these
events upon fusing both domains would not be completely unexpected.68 The size and nature
of both exteins, in particular the C-terminal one, have been reported to possess a major effect
on these dynamics and consequently on intein splicing, but no information was available
comparing the trans- and cis-splicing variants of the intein prior to this project. Our results
showed similar activity for both, concluding the fusion of the intein did not have a detrimental
effect on its splicing efficacy.
Our goal was also to establish whether the irradiation required to decage the intein was
fully achieved or whether it would be a limiting factor in the subsequent experiments. Mass
spectrometry results confirmed full decaging was achieved after two-minutes of irradiation
(Figure 2.17). However, in vivo experiments might require re-optimisation as longer irradiation
times may be required in cells to ensure enough light penetrates the cell membrane and the
cytosol, which is more viscous and contains many more components than the ‘splicing buffer’
of the in vitro experiments.
The last question was to ascertain whether the yield of fluorescent mCherry was equivalent
between the refolded, photoactivated cis-splicing protein and the uncaged trans-splicing
version of the system, reiterating that decaging was complete. Our results seem to indicate
the same amount of intein splicing for all cases and no more than 8% activation was achieved
in any case. The flanking residues of the extein sequences required to form mCherry are the
most likely reason for this. An easy way to test this would be to change the intein location in
the mCherry sequence, but time constraints precluded further investigation.
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Figure 2.20. Comparison of cis- and trans-splicing intein (5 µM) in ‘splicing buffer’ supplemented with
500 µM DTT and 5% glycerol. Mean of fluorescence +/-SD after 5-hour incubation at 37 ºC, n = 3.

In summary, this chapter describes the in vitro characterisation of the splicing reaction of
the photocaged fused version of naturally trans-splicing Npu DnaE intein to form fluorescent
mCherry, which had only previously been described as expressed in mammalian cells.
Results of protein expression in mammalian cells can vary significantly from that in bacteria
and could have led to the PADP failing when produced recombinantly in E. coli. Several
potential pitfalls were tested for, but the fused version displayed similar behaviour and kinetics
as the split intein. The next step of the project consisted of investigating possible limiting
factors in CPP-assisted delivery of mCherry to mammalian cells, and finally testing the PADP
systems ability to deliver and trigger the formation of mCherry in vivo.

59

Chapter 2. Characterisation of Photocaged-Intein Splicing

60

Chapter 3. Delivery and Light-dependent Activation of mCherry in Mammalian Cells

CHAPTER 3.
DELIVERY AND LIGHT-DEPENDENT
ACTIVATION OF MCHERRY IN
MAMMALIAN CELLS

61

Chapter 3. Delivery and Light-dependent Activation of mCherry in Mammalian Cells

62

Chapter 3. Delivery and Light-dependent Activation of mCherry in Mammalian Cells

3.1. INTRODUCTION
Cell-penetrating peptides (CPPs) are short peptide sequences able to penetrate cell
membranes by direct translocation or endocytosis depending on the CPP and the cargo
(Figure 1.3), as previously discussed.29–31 Among all the different types of CPPs, HIV-1
transcription-transactivating protein (TAT) is one of the most well-studied, having been
reported to internalize many different cargos into cells, from peptides, proteins and genetic
material to nanoparticles.39,141
Despite extensive research on TAT, the mechanism of its cellular uptake is still a topic of
discussion, some researchers proposing endosomal uptake and others direct membrane
penetration.44,141 However, there may be no universal answer as the mechanism of action
seems to be dependent on the nature of the cargo. Generally, proteins are reported to be
internalised by endosomal uptake. Endosomes can release their cargo into the cytosol,
leading to the same outcome as direct penetration, or redirect the cargo to other organelles
or simply trap them. Endosomes acidify over time becoming lysosomes and degrade any
protein that remains within them.47 Achieving endosomal escape is therefore pivotal for
designing new cytosolic delivery systems.
Non-natural CPPs have been synthesised based on TAT to enhance its properties (e.g.
R8 and cTAT).39 These arginine-rich CPPs have been used as a template for chemical
modifications (addition of aromatic residues at the N- or C-terminal) and extension by other
peptide sequences (e.g. HA2, M-lycotoxin, etc.) to enhance endosomal escape.20,21,42,142
Addition of aromatic residues to CPP sequences is known to increase uptake of the delivered
cargo without affecting cell viability.143,144 Specifically, a tryptophan motif (-GWWG-) was
reported to enhance the cytosolic delivery of one of the ß-strands of GFP by 5-fold when
attached to the C-terminus of TAT.20 However, the capability of this modified CPP to deliver
full-length proteins has not yet been reported. The HA2 peptide has been demonstrated to
have the ability to burst endosomes upon pH decrease,41,43 hence it is commonly fused to
CPPs or used as an additive to the incubation media to improve cytosolic internalisation of
peptides and proteins. Mutagenesis has been performed to improve its endosomolytic
properties to produce endosomal lysis at pH 6 – 7 to prevent cargo degradation.42 Other
peptides have been recently identified to show similar capabilities to burst endosomes at
physiological pH, such as the spider venom L17E M-lycotoxin.142 However, to the best of our
knowledge, this peptide has been only used as an incubation additive and it has never been
fused to a CPP or to a protein for delivery purposes.
63

Chapter 3. Delivery and Light-dependent Activation of mCherry in Mammalian Cells

3.2. CPP-ASSISTED MCHERRY DELIVERY IN MAMMALIAN CELLS
The next key feature of a photo-activatable delivery of protein (PADP) system to be
investigated was how to achieve the cytosolic uptake of intein-split proteins. Several TATinspired CPPs, detailed in Table 3.1, were selected for this purpose. Some of them (R8, HA2TAT, TAT and cTAT) have been reported previously to successfully deliver proteins into
mammalian cells.39,145 The rest are novel to the best of our knowledge, and they consist of
fusions of CPPs to sequences proven to enhance cytosolic uptake of TAT-fused proteins.20,142
Table 3.1. Cell penetrating peptides (CPPs) fused to proteins for cell delivery.

CPPs
R8
HA2-TAT

RRRRRRRR
GDIMGEWGNEIFGAIAGFLGY-GRKKRRQRRR

TAT

GRKKRRQRRR

cTAT

CGRKKRRQRRRC

cTAT-GWWG
HA2-cTAT
N’-Pept1
C’-cTAT
1

Sequence

CGRKKRRQRRRC-GWWG
GDIMGEWGNEIFGAIAGFLGY-CGRKKRRQRRRC
N’-IWLTALKFLGKHAAKHEAKQQLSKL-CGRKKRRQRRRC-C’

Pept stands for L17E lycotoxin, it was fused to the N-terminal of mCherry.

Preliminary uptake experiments were performed using mCherry to allow ready
quantification of CPP-induced cell uptake by flow-cytometry and confocal microscopy.
mCherry (28 kDa) is only 14 kDa smaller than the intein-split system (42 kDa), hence no major
difference in protein uptake was expected. The six first CPPs of Table 3.1 were fused to the
C-terminal of full-length mCherry to find an optimal CPP for this purpose. In the case of the
last CPP, cTAT CPP was fused to the C-terminal of mCherry, whilst L17E lycotoxin peptide
was fused to the N-terminal to enhance endosomal escape. The protein constructs were
recombinantly expressed in E. coli and purified for incubation studies in the widely studied
human epithelial carcinoma cell line, HeLa.
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3.2.1. Plasmid generation
CPP sequences were inserted at the C-terminal position of Plasmid 2, containing (144Cys)mCh-intein-erry in a pET30b(+), as described in Materials and Methods. The intein sequence
was kept in the gene to ensure that the CPP would not interfere with the correct intein splicing,
mCherry folding or chromophore maturation. CPP sequences were incorporated in the Cterminal of mCherry before the poly-histidine purification tag. This C-terminal tag had to be
removed before the studies in HeLa cells to avoid any interference with the interaction of
CPPs with the cell membrane. A Tobacco Etch Virus (TEV) protease recognition site
(ENLYFQS) was therefore inserted between the CPP and the histidine tag sequences to allow
TEV cleavage of the poly-histidine tag after the first step of purification (Figure 3.1). Despite
prolonging the purification process, it was desirable to keep the histidine tag at the C-termini
of the expressed proteins to obtain full-length mCherry-CPP constructs after purification rather
than mixtures containing truncated products. These may be formed because TAT-based
cationic CPPs have a repetitive sequence that could be interpreted as a reading mistake by
the ribosome causing a premature termination of the protein.

Figure 3.1. Scheme of constructs used. A CPP sequence was introduced at the C-terminal of the
protein, followed by a TEV recognition site to cleave the poly-histidine tag during protein purification.
TEV protease was used to cleave the protein before the terminal serine.

3.2.2. Protein purification and characterisation
Expression of CPP constructs was induced by adding IPTG (1 mM) to the culture media when
an optical density at 600 nm (OD600) of 0.6 was reached. Protein expression protocols are
detailed in Materials and Methods, section 6.2.9. Cultures were then incubated at 25 ºC
overnight before harvesting the cells. The cell pellets were purple in colour for all of the
proteins tested except for the HA2-cTAT and the pept-//-cTAT constructs. This suggested that
in most of the cases, the intein achieved the correct fold to undergo splicing after translation
indicating successful mCherry maturation. These constructs were purified in two steps under
normal conditions as described in Materials and Methods.
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The two proteins that did not result in coloured pellets after induction remained as inclusion
bodies when sonicated in ‘lysis buffer’ (buffer recipes found in Materials and Methods). The
proteins were therefore solubilised in ‘denaturing lysis buffer’ (8 M urea buffer) and they were
purified under denaturing conditions. Surprisingly, both showed bands corresponding to the
correct molecular weight in the SDS-PAGE gel (purification gels for each construct can be
found in the Appendix, Section II), suggesting that the intein achieved the correct
conformation for splicing after expression. However, this indicated that the CPP had a
detrimental effect on the mCherry folding or on the chromophore maturation. The protein was
refolded by dilution-concentration centrifugation cycles in the same buffer containing
decreasing concentrations of urea. This slow refolding resulted in successful chromophore
formation and led to fluorescent mCherry constructs. These constructs were still tested in
HeLa cells, as mCherry formation could be successful in the eukaryotic cytosolic environment.
Protein samples were buffer-exchanged into DMEM for cell culture studies at 10 µM
concentration and their purity was confirmed by SDS-PAGE (Figure 3.2A). All the constructs
showed additional bands that ran slightly below the main band corresponding to the correct
molecular weight, suggesting mis-splicing products and truncated protein. These constructs
presented the same behaviour as native mCherry and were unable to be further purified by
anion-exchange or size-exclusion chromatography (see Chapter 2, section 2.2.1).
Protein concentration of the different constructs was determined by UV-Vis absorbance
spectroscopy at 585 nm (Figure 3.2B). This method was the most accurate to determine only
the concentration of the full-length protein in the protein sample, as the smaller impurities were
not expected to present absorbance at that wavelength. Proteins were also characterised by
mass spectrometry, however, only the proteins fused to TAT and cTAT showed the expected
mass. No mass above 10 to 16 kDa was obtained for the constructs containing additional
residues in their CPP sequence. This is not in agreement with the SDS-PAGE gel, as all of
the protein samples showed prominent bands around 28 kDa with lower mass bands present
in much lower concentrations. Considering that the plasmid design and purification strategy
ensured only the full-length protein was obtained due to the presence of a C-terminal histidine
tag, in combination with the SDS gel showing the expected mass and the absorbance spectra
showing the expected chromophore, it was asserted that the constructs were correctly
expressed.
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Figure 3.2. Purification and characterization of mCherry-CPP constructs. (A) SDS-PAGE gel after
purification. (B) Absorbance spectroscopy (10 µM) in DMEM after purification (n = 1). (C) Excitation
profile by fluorescence spectroscopy (5 nM). Fluorescence was measured at 610 nm with a range of
excitation wavelengths from 560 to 595 nm (n = 1). Maximum emission was found with excitation at
586 ± 1 nm. (D) Emission profile by fluorescence spectroscopy (5 nM). Fluorescence emission was
measured every 0.5 nm from 595 to 645 nm with excitation at 585 nm (n = 1). Maximum emission was
found to be at 605 ± 1 nm.

The optical properties of the constructs were compared to native mCherry by fluorescence
spectroscopy to determine if the CPPs had any effect on the chromophore. In principle, no
effect was to be expected as the chromophore is buried in a ß-barrel that is not solvent
exposed. Fluorescence at 610 nm was measured to obtain the mCherry chromophore
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excitation profile from 560 to 595 nm (Figure 3.2C). No major change in the excitation maxima
was observed between mCherry and the CPP constructs, and on average the excitation
maxima was found to be 586 nm (standard deviation of 1 nm). Emission profiles were
recorded from 595 to 645 nm under constant excitation at 585 nm (Figure 3.2D). No difference
was observed between mCherry and the CPP constructs, and on average the emission
maxima was found to be 605 nm (standard deviation of 1 nm). These results are concordant
with previously reported optical properties of mCherry.113

3.2.3. Cell experiments
All of the previous CPPs were considered adept candidates for the PADP system as none of
them interfered with the optical properties of mCherry. The least desirable CPPs in principle,
were the ones that presented solubility problems after protein translation such as HA2-TAT,
HA2-cTAT and the N’ pept- with C’-cTAT. However, as these issues could be addressed by
refolding and as the photocaged intein-split protein also required refolding during purification,
these constructs were retained for the in vivo experiments.
The first step was to determine the optimal incubation conditions; including the correct
incubation time, protein concentration and cell culture medium. Two types of experiments
were performed to find these conditions. Firstly, flow cytometry by fluorescence-assisted cellsorting (FACS) was used to determine protein uptake by measuring mCherry fluorescence
inside cells. Secondly, as some CPPs are known to be toxic in high concentrations or over
long incubation times, cell viability assays were performed with Celltiter Blue reagent to select
the conditions in which good uptake and no cell death are observed. Initial studies were
performed using mCherry-cTAT as cyclic TAT sequences have been reported to enhance cell
uptake (Figure 3.3). After all of the incubations, cells were washed three times with heparin,
a negatively charged glycosaminoglycan that binds to the positively charged CPPs ensuring
they do not remain stuck to the cell membrane, unless specified to be non-treated. Heparin
excess was then washed with PBS before detaching the cells with trypsin, protocols are
explained in detail in Materials and Methods.
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Figure 3.3. mCherry-cTAT incubation studies. (A) Time-dependent mCherry-cTAT uptake by flowcytometry. Mean of fluorescence +/-SD, n = 3. 250,000 cells per well of a clear 24-well plate were
incubated for 1 to 8 hours with mCherry-cTAT (10 µM) in DMEM (serum free). (B) Concentrationdependent mCherry-cTAT uptake by by flow-cytometry. Mean of fluorescence +/-SD, n = 3. 250,000
cells per in a clear 24-well plate) were incubated for 2 hours with mCherry-cTAT in varying
concentrations from 5 to 30 µM in DMEM (serum free). (C) Mean of cell viability +/-SD of timedependent experiments (n = 3). 20,000 cells per well in a black 96-well plate were incubated for 1 to 8
hours with mCherry-cTAT (10 µM) in DMEM (serum free). Cells were incubated with Celltiter Blue
reagent (20 µl) for 4 hours and fluorescence at 610 nm was measured using a plate reader. Cells
denoted as no treat were kept in DMEM (supplemented with 10% FBS) during all the experiment, and
no heparin washes were performed on them. (D) Mean of cell viability +/-SD of concentrationdependent experiments (n = 3). 20,000 cells per well in a black 96-well plate were incubated for 2 hours
with mCherry-cTAT in concentrations varying from 5 to 30 µM in DMEM (serum free) following the same
protocol as previously described. A positive control for cell death was achieved by adding 0.01% Triton
X-100 in DMEM to incubations.
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HeLa cells were incubated with mCherry-cTAT (10 µM) for times ranging from 1 hour to 8
hours (Figure 3.3A), and fluorescence was measured by FACS. A linear increase in
fluorescence over time was observed with the protein fluorescence clearly distinguished from
background cell autofluorescence in each case. These incubations were repeated in black 96well plates to study cell viability (Figure 3.3C). After incubation with the protein, the reagent
Celltiter Blue (20 µl) was added to the culture media and incubated for 4 hours. Only the cells
that contained functional mitochondrial could perform the reduction of the reagent into a
fluorescent compound (emission at 590 nm). No cell death was apparent at the incubation
times tested. However, fluorescence readings of cells incubated with mCherry-cTAT and
without the reagent were measured, as the emission wavelength of the reduced Celltiter Blue
reagent overlaps with mCherry emission (results not shown). No fluorescence from inside the
cells could be detected, suggesting the Celltiter assay results were valid. Considering that the
experiments including light-activation of inteins in vivo would require time for splicing and
mCherry maturation, an incubation time of 2 hours was chosen as most compatible with
performing experiments in a single day.
An array of mCherry-cTAT concentrations ranging from 5 to 30 µM was incubated with the
HeLa cells for 2 hours (Figure 3.3B), and fluorescence was measured by FACS, obtaining a
linear trend in which fluorescence was readily distinguishable from the background in all
cases. Cell viability assays with variable protein concentrations showed no detrimental effect
at any concentration (Figure 3.3D). Considering that more signal is required for confocal
microscopy studies as it is less sensitive than FACS, a protein concentration of 10 µM was
selected. Higher protein concentrations are less compatible with incorporation of unnatural
amino acids as the yields of full-length proteins are usually severely reduced.
With the protein concentration and incubation time set, the effect of foetal bovine serum
(FBS) was tested because it has been reported to increase cell autofluorescence and is
usually avoided when incubating cells with fluorescent probes to prevent false positives.
Nevertheless, FBS is the main source of energy for the cells and it is necessary for cell survival
in longer experiments. FACS analysis showed the same behaviour for control and mCherrycTAT treated cells in the presence and absence of FBS, albeit with slightly larger error bars
in the presence of FBS (Figure 3.4A). It was decided to perform FACS in the absence of FBS
as the length of the experiment is relatively short, whilst cell viability assays and real-time
confocal microscopy requires cells to be alive for several more hours. Therefore, FBS was
added to the media after mCherry-CPP incubation for both experiments.
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Figure 3.4. mCherry-CPP uptake by mammalian cells. (A) Comparison of mCherry-cTAT uptake in
presence and absence of FBS. Mean of fluorescence +/-SD, n = 3. 250,000 cells per well in a clear 24wellplate were incubated for 2 hours with mCherry-cTAT (10 µM, ± 10% FBS). (B) FACS comparison
of mCherry-CPP uptake. Mean of fluorescence +/-SD, n = 9. 250,000 cells per well in a clear 24-well
plate were incubated for 2 hours with different mCherry-CPP (10 µM) for 2 hours in DMEM (serum
free). (C) Normalised FACS data to mCherry fluorescence to compare efficacy of CPPs. HA2-cTAT
showed a 29-fold increase in fluorescence. (D) Mean of cell viability of mCherry with different CPPs +/SD (n = 9). 20,000 cells per well in a black 96-well plate were incubated for 2 hours with mCherry-CPP
(10 µM) in DMEM (serum free). Cells were incubated with Celltiter Blue reagent (20 µl) for 4 hours and
fluorescence at 610 nm was measured using a plate reader.
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HeLa cells were incubated with proteins (10 µM) for two hours to find the best CPP for
uptake by FACS analysis (Figure 3.4B). All of the constructs appeared to be taken up to some
extent, but the cyclic peptides showed at least a 3-fold increase in fluorescence compared to
the linear CPPs. mCherry-HA2-cTAT showed the best performance with cells exhibiting a 29fold fluorescence increase over that obtained using mCherry without a CPP (Figure 3.4C),
followed by pept-mCherry-cTAT with an overall 14-fold increase. However, the error bars for
pept-mCherry-cTAT were much larger than for the other proteins. None of the CPP constructs
had a negative effect on cell viability under any of the conditions tested (Figure 3.4D).
Analyses were repeated three more times with cells in different passage number to check the
reproducibility of these results. The same trends and cell uptake were obtained in each case
(Table 3.2).
Table 3.2. FACS values of mCherry-CPP delivery in HeLa cells.

Mean of fluorescence +/-SD (a.u.)
Cells
mCherry
mCherry-R8
mCherry-HA2-TAT
mCherry-TAT
mCherry-cTAT
mCherry-HA2-cTAT
mCherry-GWWG-cTAT
pept-mCherry-cTAT

6±2
4±2
20 ± 3
55 ± 5
23 ± 5
110 ± 20
380 ± 20
250 ± 30
50 ± 50

1±1
10± 2
23 ± 1
24 ± 1
27.5 ± 0.7
87 ± 5
280 ± 10
85 ± 2
130 ± 80

0.6 ± 0.6
7.8 ± 0.1
14.9 ± 0.1
15.6 ± 0.3
12.3 ± 0.4
32.4 ± 0.5
157 ± 8
48.5 ± 0.7
70 ± 50

Before selecting the best CPP for the PADP system, protein uptake was studied by realtime confocal microscopy (Figure 3.5). FACS uptake data could be misleading when only
analysed by FACS if the positively charged CPPs only adhere to the outer surface of the cell
membrane rather than being internalised. In principle, the heparin washes post-incubation
and cell detachment with trypsin before FACS should eliminate any protein that is stuck to the
membrane, but confirmation was required before selecting a CPP for the system. In contrast
to FACS, confocal microscopy is not a quantitative technique, but it is indispensable for
determining cellular localisation and trafficking.
Cells were incubated with mCherry-CPP (10 µM, shown in red) for 2 hours before imaging
in DMEM supplemented with 10% FBS and Hoechst 33342 (10 µg/ml, shown in blue). Hoechst
33342 is a stain that localises into the nuclei and once chelated into DNA, it has an excitation
maximum at 350 nm and emission maximum at 461 nm, which does not overlap with mCherry
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(excitation maximum at 585 nm and emission maximum at 610 nm). A series of images were
taken for each region from the bottom to the top of the cell every 5 µm (across Z axis) to
determine whether the protein was on the cell membrane or inside the cell. Images were taken
simultaneously in three channels: red, blue and brightfield; where brightfield (BF) records
images of the cells illuminated by white light. BF images are found in the middle column of
Figure 3.5. This channel provides information about the quality of the cells, potential changes
of morphology, cell death and debris. Cells exhibited similar shapes and quality in BF images
for all the CPPs, with no significant cell death observed.
The other columns in Figure 3.5 are images created from data merged from emission filters
corresponding to the other two channels. The first channel aims to image the nuclei, depicted
in blue, as it corresponds to the emission obtained from excitation with a 405 nm laser at 15%
intensity. The second channel is mCherry fluorescence, shown in red, and corresponds to the
emission from excitation with a 543 nm laser at 40% intensity. The threshold for emission was
adjusted to an appropriate level for mCherry-HA2-cTAT as it was the CPP that showed the
greatest fluorescence by FACS to avoid saturating the detector. The first column is the Zstack (ZS) of all the images, between 15 and 17 images per field of view, where the brightest
pixel for each channel is selected and depicted in the final ZS image, showing the overall level
of mCherry present in the cells. The third column in the right is the image from the Z-stack
corresponding to the middle slice (MS) of the cells. If there is signal from the red channel
between the nuclei and the membrane, mCherry must be located in the cytosol, either free or
trapped in endosomes. Signals in this channel were punctuate, suggesting mCherry remained
mainly in endosomes, as the signal obtained when proteins are free in the cytosol should be
more diffuse. Each CPP was imaged in six different locations to show the consistency across
the imaging dish, and the experiment was repeated on three different days with different
passages of the cells, each showing similar uptake.
Videos for each protein construct were produced by taking images of the middle slice every
5 seconds for 3 minutes (included in the Electronic Appendix, video captions in Appendix
IV). The videos show some of the red dots moving across the cytosol and towards the nucleus
or the membrane, which is an indicative of endosomal entrapment. This data does not exclude
some protein also being free in the cytosol, but the concentration of protein inside endosomes
was so much higher that it was impossible to observe diffuse protein signals from the cytosol.
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Figure 3.5. Confocal microscopy of mCherry-CPP (shown in red). 270,000 HeLa cells per imaging dish
were incubated with mCherry-CPP (10 µM) for 2 hours. Cells were washed three times with heparin
(0.5 mg/ml PBS) and once with PBS. Cells were incubated for 5 minutes before imaging with DMEM
supplemented with 10% FBS and nuclei stain Hoechst 33342 (10 µg/ml, shown in blue). Images were
taken across the Z axis every 0.5 µm (15 to 17 images). ZS = Z-stack of all the images across the Z
axis, the brightest pixel is depicted. BF = bright field. MS = middle slice, image corresponding to the
middle of the cell.
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Confocal microscopy images were very consistent with FACS results. mCherry-HA2-cTAT
undoubtedly gave the best uptake and the cyclic CPPs showed higher internalisation in
general than the linear versions. Pept-mCherry-cTAT showed less uptake than anticipated
from FACS, however, the FACS error bars were very large, so this was not unexpected.
Considering that this construct exhibited precipitation problems even after refolding, it was
completely discarded at this point. Linear CPPs were generally inefficient, which made them
also unsuitable for the system. All of the constructs appeared trapped in endosomes as the
signal was punctuated. Nevertheless, some could have escaped the endosomes, but the
signal of cytosolic protein would not be observed due to its high concentration in endosomes.
mCherry-cTAT-GWWG showed better internal uptake than expected, but it also exhibited
precipitation on the outer membrane (dense red regions). This construct was soluble after
expression and, in contrast to the HA2-cTAT construct, did not interfere with the formation of
the mCherry chromophore. Therefore, despite mCherry-HA2-cTAT showing better cell
uptake, cTAT-GWWG was tested first for the CPP system.

3.3. DELIVERY OF PHOTOCAGED-INTEIN MCHERRY IN HELA CELLS
3.3.1. Expression and purification of mCherry PADP constructs
Plasmids encoding (144TAG)-mChe-intein-erry-/cTAT-GWWG and HA2-cTAT were prepared
as previously using Plasmid 1 as template. Expression procedures and incorporation of
unnatural amino acids was performed as previously described. Purification was performed
under red dim light similarly to previous photocaged construct. An additional step of
purification was required to remove the C-terminal poly-histidine tail using TEV protease. All
of these protocols are detailed in Materials and Methods.
Purified proteins were characterised by SDS-PAGE (Figure 3.6), corroborating that the
protein constructs (mass of about 46 kDa) were present in the elution fractions for both protein
constructs. Lower bands corresponding to impurities were also found in these fractions,
similarly to the ones obtained in the positive controls. Elution fractions were combined for the
TEV cleavage and the final purified proteins were characterised by mass spectrometry. Mass
of (ONB)-mChe-intein-erry-cTAT-GWWG was found to be 45993.00 Da (calculated mass:
45992.84 Da, see graph in Appendix, section II). However, as for the equivalent positive
control, no sensible protein mass was found for HA2-cTAT. Proteins were then buffer
exchanged into DMEM and concentrated to 10 µM for cell assays.
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Figure 3.6. SDS-PAGE of (ONB)-mCh-intein-erry-CPP after purification by Ni-NTA chromatography.
(A) CPP = -cTAT-GWWG (pointed by black arrow). (B) CPP = -HA2-cTAT (pointed by black arrow).

3.3.2. (ONB)-mCh-intein-erry-cTAT-GWWG
(ONB)-mCh-intein-erry-cTAT-GWWG was tested in HeLa cells to study in vivo light-activation
of intein splicing of a delivered protein. The conditions established by previous studies with
the positive controls, incubation with 10 µM protein for 2 hours, were followed. After incubation
with the protein, cells were washed three times with heparin and incubated with clear DMEM
for irradiation. The main parameter to be evaluated for these experiments was the irradiation
time required. In vitro studies demonstrated that 2 minutes irradiation achieved the maximum
activation. However, the presence of a cell membrane between the protein and the light
source, and the cytosol composition and density could dramatically affect the final result.
Therefore, irradiation times of between 2 minutes and 10 minutes were tested and mCherry
signal was evaluated by FACS (Figure 3.7A). More than 10-minute irradiation at 365 nm has
been reported to induce cells to undergo apoptosis,139 so this was sued as the upper bound.
As previously noted, the amount of final purified protein produced after incorporation of
unnatural amino acids is much lower than for normal expressions. Due to a lack of protein to
perform this experiment, only one sample in the light and one in the dark were tested for each
irradiation time. Cells were incubated for an additional 2 hours after irradiation to allow intein
splicing (a process with a reported half-life of 10 minutes63) and chromophore maturation
(reported half-life of less than 1 hour132). FACS analysis showed a small difference between
dark and irradiated samples after 2 hours. Nevertheless, a trend could be observed in which
the fluorescence of the illuminated samples increased with the irradiation time.
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Figure 3.7. FACS analysis of light-activation of cTAT-GWWG-delivered (ONB)-mCh-intein-erry in HeLa
cells. (A) Time-dependent illumination (n =1). 250,000 cells per well of a clear 24-well plate were
incubated for 2 hours with (ONB)-mCh-intein-erry-cTAT-GWWG (10 µM) in DMEM (serum free).
Samples were illuminated with a 365 nm UV-lamp for the specified time and cells were incubated for 2
hours to allow intein splicing and mCherry maturation before FACS analysis. (B) Mean of fluorescence
+/-SD (n = 3) after 10-minute irradiation and 2-hour incubation determined by FACS analysis. (C) Mean
of fluorescence +/-SD (n = 3) after 10-minute irradiation and overnight incubation determined by FACS
analysis.

The experiment was repeated in triplicate with 10 minutes irradiation to study this
observation further (Figure 3.7B). However, no increase in intein activation and mCherry
maturation was found in the irradiated samples compared with the samples kept in the dark.
One reason for this could be that the system required more time for intein splicing than
anticipated. The same experiment was therefore repeated in triplicate by illuminating the
samples for 10 minutes and leaving the system overnight to allow splicing and folding (Figure
3.7C), but no clear increase was evident with the error bars overlapping those of the nonirradiated samples.
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There were three main possibilities for system failing to work as intended. Firstly,
photocage cleavage may not have been achieved due to insufficient irradiation time or
because the lamp was not intense enough to penetrate the cell membrane, which could be
solved by simply changing the light source from a 365 nm LED UV-lamp to a laser. Secondly,
it could be that endosomal escape was not being achieved; leading to low or no splicing
because of the endosomal pH being lower than 6. This could be overcome by supplementing
the incubation media with endosomolytic additives (e.g. E5-TAT peptide). Thirdly, if the uptake
of the full-length construct (46 kDa) was too low, the mCherry signal after intein activation
might be lost in the noise. The best way to address this seemed to be testing if HA2-cTAT
showed a signal after irradiation, as it was taken up 3 times more effectively than -cTATGWWG for the equivalent positive control. Before changing the source of light or the construct,
the -cTAT-GWWG system was studied by Western blot (Figure 3.8) to allow sensitive
detection of protein and indicate its splicing state. DNA encoding a C-MYC tag (N’
EQKLISEED C’) was introduced at the N-terminus of the (144Cys) and (144TAG) constructs
for immunoassays.

Figure 3.8. Western blot analysis of light-activation of intein-split mCherry in HeLa cells. 200,000 cells
were incubated with the specified protein (10 µM) for 2 hours. Cells with the dark samples were
detached, lysed and quenched in SDS loading dye. Cells with the light samples were irradiated for 10
min with a 365 nm UV-lamp and incubated overnight at 37 ºC. Cells were detached, lysed and mixed
with the SDS loading buffer. Samples were run in a SDS-PAGE gel and the gel was transferred to a
PDVF membrane. The membrane was stained with anti-ß-tubulin as loading control and with anti-CMYC antibodies. The first two lanes contain 10 nM of purified A and B as control. C was incubated with
the cells as negative control.
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The C-MYC constructs, denoted as A for the positive control and B for the photocaged
construct, were produced and purified as previously described and then incubated with HeLa
cells for 2 hours. Cells designated as dark samples were detached by scraping in lysis buffer
(supplemented with an inhibitor cocktail) and were then mixed with denaturing SDS loading
dye. Light samples were irradiated for 10 minutes with a 365 nm UV-lamp and then were
incubated overnight before detaching and mixing with SDS loading dye. After running the
samples on SDS-PAGE gel, the gel was transferred into a polyvinylidene difluoride (PDVF)
membrane. The membrane was stained with anti-C-MYC antibody to reveal the proteins, and
with an anti-ß-tubulin (55 kDa) antidoby as loading control to ensure all the samples contained
an equivalent number of cells.
Both constructs were similarly taken up despite a mass difference of 16 kDa. As for other
proteins described previously, gels of purified A showed some impurities at lower molecular
weight (first lane after the ladder). No degradation or impurities were observed in purified B
(second lane after the ladder). Cellular uptake of A was detected after 2 hours and no
degradation was perceived. A negative control without a C-MYC tag (C) was also incubated
with the cells to ensure there was no non-specific interaction between the protein or cell
components and any of the antibodies. Uptake of B was also observed after a 2-hour
incubation, but the appearance of lower bands indicated some protein degradation. This
suggested the protein might be trapped in endosomes, which was concordant with gels of the
illuminated samples of B after overnight incubation, in which barely any protein was observed.
This suggests that the protein was trapped in the endosomes and degraded over time until
the protein became undetectable. This result suggested it was necessary to change the CPP
to -HA2-cTAT, which should be internalised more efficiently and contains a HA2 tag to improve
endosomal escape.

3.3.3. (ONB)-mCh-intein-erry-HA2-cTAT
Photo-activation of in vivo intein splicing for (ONB)-mCh-intein-erry-HA2-cTAT was studied in
triplicate by FACS (Figure 3.9A). Cells were incubated with the protein for 2 hours before
irradiation for 10 minutes with a 365 nm UV-lamp and incubation for another 3 hours to allow
intein splicing and chromophore maturation. For this construct, photo-activation of intein
splicing was clear and the irradiated sample presented a 3-fold increase in fluorescence
compared with the non-illuminated sample. This experiment was performed 3 more times with
cells of different passage numbers obtaining similar results (Table 3.3).
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Cell viability was studied (Figure 3.9B) incubating the cells for an additional 4 hours with
the Celltiter Blue reagent. All irradiated cells showed some wells with lower viability regardless
of the protein content, suggesting a degree of phototoxicity. However, no significant cell death
was observed. This assay was repeated 3 more times and the same behaviour was observed.

Figure 3.9. Light-activation of (ONB)-mCh-intein-erry-HA2-cTAT in HeLa cells. (A) Mean of
fluorescence +/-SD (n = 3) in flow-cytometry assay. 250,000 cells per well in a clear 24-well plate were
incubated for 2 hours with (ONB)-mCh-intein-erry-cTAT-HA2-cTAT (10 µM) in DMEM (serum free).
Samples were illuminated with a 365 nm UV-lamp for 10 minutes and cells were then incubated for 3
hours to allow intein splicing and mCherry maturation before FACS analysis. (B) Mean of cell viability
+/-SD (n = 3). 20,000 cells per well in a black 96-well plate were incubated for 2 hours with the construct
(10 µM) in DMEM (serum free). Cells were illuminated for 10 minutes, except for the dark samples, and
incubated for 3 hours. Celltiter Blue reagent (20 µl) was incubated with the cells for 4 hours and
fluorescence at 610 nm was measured using a plate reader.
Table 3.3. FACS values of photo-activation of (ONB)-mCh-intein-erry-HA2-cTAT in HeLa cells.

Experiment

Fluorescence (a.u.)
mCherry dark

Fluorescence (a.u.)
mCherry light

1

0.4 ± 0.3

7±2

2

0.5 ± 0.4

11 ± 2

3

0.4 ± 0.4

10.1 ± 0.6

4

4±1

12 ± 3
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These results prove the prototype PADP system can be delivered inside mammalian cells
and be activated by light, which was the main goal of this project. The next step of the project
was to apply this optimized system to proteins that are more therapeutically relevant, such as
cytotoxic proteins for targeting cancer cells. However, the system was first studied further with
E5-TAT, a short peptide reported to have endosomolytic properties,42 added to the media in
an attempt to improve endosomal escape to obtain higher levels of activation.

3.3.4. Enhancing endosomal escape
The effect of E5-TAT on protein uptake was studied by FACS and confocal microscopy
(Figure 3.10). E5-TAT peptide (N’ GDIMEEWGNEIFGAIAGFLGYGRKKRRQRRR C’) was
kindly synthesised and purified by Martin Übler. When specified, the peptide was added to the
incubation media to a final concentration of 2.5 µM. Previous literature showed that this is the
highest concentration at which no detrimental effect on cell viability is observed.42
The effect of adding E5-TAT to different CPP-fused mCherry constructs was investigated
by FACS (Figure 3.10A). The candidates studied were native mCherry and the linear and
cyclic TAT and HA2-TAT constructs. No effect was observed for the linear CPP constructs,
however, E5-TAT induced great variability in the uptake of the cyclic constructs. Confocal
microscopy was employed to study if endosomal release of mCherry-HA2-cTAT was improved
in the presence of E5-TAT (Figure 3.10B). No major differences were observed upon the
addition of E5-TAT peptide, with both images suggesting the protein was still trapped in
endosomes. Endosomes appear brighter in the detector and any signal from the cytosol
becomes lost in the noise. Measuring the mCherry background signal from the cytosol
suggested a small effect with E5-TAT, with slightly more mCherry detected in the presence of
E5-TAT and spread more evenly across the cytosol, but this could not be properly quantified,
and these micrographs have not been included.
Finally, light activation of (ONB)-mCh-intein-erry-HA2-cTAT in the presence of E5-TAT was
measured by FACS (Figure 3.10C). This would be the best method to detect any increase in
endosomal escape as intein splicing was assumed to be negligible inside endosomes.
However, no significative difference in mCherry light-activation was observed upon the
presence of E5-TAT peptide in the incubation media. No other endosomolytic compounds
were tested due to time limitations.
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Figure 3.10. Effect of E5-TAT in protein uptake in HeLa cells. (A) FACS analysis of mCherry-CPP
uptake in the presence and absence of E5-TAT. Mean of fluorescence +/-SD, n = 3. 250,000 cells per
well of a clear 24-well plate were incubated for 2 hours with mCherry-CPP (10 µM) in the presence or
absence of E5-TAT (2.5 µM) in DMEM (serum free). (B) Confocal microscopy analysis of mCherryHA2-cTAT uptake in the presence and absence of E5-TAT. 270,000 cells per imaging dish were
incubated for 2 hours with the construct (10 µM) adding E5-TAT (2.5 µM) in one of them. (C) FACS
analysis of (ONB)-mCh-intein-erry-HA2-cTAT uptake and light-activation upon E5-TAT presence. Mean
of fluorescence +/-SD, n = 3. 250,000 cells per well of a clear 24-well plate were incubated for 2 hours
with (ONB)-mCh-intein-erry-HA2-cTAT (10 µM) in DMEM (serum free) adding E5-TAT (2.5 µM) when
necessary. Samples were illuminated with a 365 nm UV-lamp for 10 minutes and cells were incubated
for 3 hours to allow intein splicing and mCherry maturation before FACS analysis.
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3.4. DISCUSSION AND SUMMARY
Delivery of proteins into HeLa cells was studied in order to identify the best performing CPP
and the optimal conditions to release a protein cargo in the cytosol of mammalian cells (Figure
3.11). This led to the successful development of a prototype photo-activatable delivery of
protein (PADP) system.

Figure 3.11. Results of the CPP selection process.

DNA encoding (144Cys)-mCh-intein-erry was modified to incorporate sequences encoding
a range of TAT-based CPPs, some of them novel to the best of our knowledge, which were
recombinantly produced by heterologous expression. We discovered that all the constructs
except for the -HA2-cTAT and pept-//-cTAT variants lead to fluorescent mCherry after
translation, splicing and folding. This suggested that most of the CPPs did not interfere with
the intein or mCherry folding, yielding functional proteins. SDS-PAGE analysis showed the
intein spliced successfully for all the constructs and the reason for the lack of fluorescence in
the -HA2-cTAT and pept-//-cTAT variants was related with the disruption of mCherry folding.
Slow refolding of these constructs yielded fluorescent protein, so these two candidates were
also put forward for in vivo experiments. Fluorescence spectroscopy analysis showed the
optical properties of mCherry were preserved regardless of the presence of CPPs.
Several different conditions for the incubation of HeLa cells with mCherry-cTAT were
studied by FACS and cell viability assays, to find the optimal uptake conditions. These optimal
conditions were used to compare the efficiency of the different CPP variants. The cyclic CPPs
showed enhanced uptake compared to the linear versions, mCherry-HA2-cTAT being
especially efficient. Nevertheless, these techniques did not provide information about mCherry
location inside the cell after delivery or ruled out false positives due to protein precipitating on
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cell membranes. Confocal microscopy was used to answer those questions and confirmed
that mCherry-HA2-cTAT achieved much higher internalisation than the other constructs. PeptmCherry-cTAT performed much worse than first anticipated by FACS and was discarded.
Both -cTAT and -cTAT-GWWG performed similarly in the cell assays, albeit with protein
observed sticking to the membrane for the latter. However, confocal microscopy experiments
revealed greater internalisation for -cTAT-GWWG than for -cTAT alone, and as the -GWWGmotif was reported to enhance endosomal uptake,20 it became the best candidate for the
PADP system design.
The PADP system was then tested for in vivo splicing activity. The first CPP investigated
was -cTAT-GWWG as, in contrast to -HA2-cTAT, it had no effect on intein splicing, mCherry
folding or chromophore formation. Different irradiation times and incubation times postirradiation were investigated, but no fluorescence was detected under any of the conditions
tested. The protein was shown to be internalised by Western blotting using an N-terminal CMYC tag, so the problem was likely a lack of endosomal escape and/or insufficient uptake for
the fluorescence to be detected as only 5% yield of fluorescent mCherry was observed from
intein splicing in vitro assays. mCherry-HA2-cTAT was proven to be taken up more efficiently
by cells than mCherry-cTAT-GWWG, so this combination was tested for the PADP next. Lightdependent intein splicing was observed after irradiating the cells for 10 minutes with a 365 nm
UV-lamp and then incubating the cells for 3 hours at 37 ºC. The endosomolytic peptide E5TAT was added as a supplement in further experiments to improve endosomal escape in the
hope of obtaining increased yields of fluorescent protein. No difference was observed in the
presence of E5-TAT suggesting the HA2 tag of the CPP is sufficient to induce endosomal
escape or that E5-TAT lacked the endosomolytic effect in combination with the PADP system.
Nevertheless, light-dependent activation was successful and light control of an externally
delivered photocaged intein protein was achieved for the first time to the best of our
knowledge.
The final step of this project was to use this prototype system as a basis for delivery of
proteins with other functions inside the cells. Cytotoxic proteins were selected as the best
initial candidates as they can trigger apoptosis at low concentrations and should be effective
with minimal endosomal escape. Moreover, killing cells with spatio-temporal control by lightactivation of delivered cytotoxic proteins has a great potential for therapeutic applications.
However, our PADP system is not limited to these proteins, as potentially any protein can be
inactivated by an intein, making it a generic tool for therapy and research.
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4.1. INTRODUCTION
Cytotoxic proteins are a group of natural protein toxins that inactivate protein production in
cells. Various protein toxins are produced by bacteria, fungi and plants as defence mechanism
against viral and parasitic organisms or to attack a host organism. Some well-known examples
of cytotoxic proteins are diphtheria toxin, Pseudomonas exotoxin A, Shiga toxin, barnase, asarcin, ricin and saporin.146,147 The site of action of these proteins lies in the cytosol of the nonnative organism; thus they usually contain the equivalent of a cell-penetrating peptide (CPP),
denoted translocation-domain (TD), that internalises the toxin into cells by endocytosis. These
TDs undergo an acidification-dependent endosomolytic mechanism to release the protein into
the cytosol.146
Cytotoxic proteins are lethal to mammalian cells in small doses because, in contrast to
other native proapoptotic proteins (e.g. caspases, ribonuclease A), mammalian cells lack
mechanisms to regulate their effect. Several different mechanisms of action of cytotoxic
proteins have been identified (Figure 4.1).146 Some protein toxins (e.g. diphtheria toxin and
Pseudomonas exotoxin A) block protein production by catalytically irreversibly inactivating the
elongation factor-2 (EF2) (Figure 4.1A). EF2 is a vital element of mRNA translation into
proteins, inducing the transduction of tRNA from the ribosomal A-site to the P-site after the
elongation phase of translation, allowing the next amino acid to be attached to the nascent
protein. Normally, EF2 forms a binary complex with guanosine triphosphate (GTP), increasing
its affinity for the ribosome. The EF2-GTP complex then forms a tertiary complex with the
ribosome, and GTP is hydrolysed to guanosine diphosphate (GDP) inducing the tRNA
transduction.148 Cytotoxic proteins like diphtheria toxin catalyse the irreversible transfer of
adenosine diphosphate (ADP) onto EF2 before forming the binary complex with GTP. This
ADP-EF2-GTP complex has no affinity for the ribosome and tRNA remains in the A-site
stalling translation.149
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Figure 4.1. General mechanism of action of cytotoxic proteins. (A) Toxins like Pseudomonas exotoxin
A adenylate elongation factor-2 to inhibit protein translation. (B) Ribosome-inactivating proteins like
saporin (illustrated here) depurinate ribosomal RNA to abolish ribosomal affinity for tRNA. (C)
Ribonucleases like barnase cleave mRNA.
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Other type of cytotoxic proteins (e.g. a-sarcin, ricin and saporin) are termed ribosomeinactivating proteins (RIP).150 RIPs exhibit N-glycosidase activity towards ribosomal RNA
(rRNA) and depurinate a highly-conserved adenine in the 28S subunit (Figure 4.1B).
Depurination abolishes rRNAs affinity for tRNA, stopping protein translation and ultimately
inducing cell apoptosis. The underlying acid-base driven mechanism is well illustrated in
Figure 4.1B by saporin, a highly toxic type I RIP. The two residues involved in the acid-base
catalysis are a glutamate that increases water nucleophilicity by deprotonation, and an
arginine that protonates the departing adenosine. Saporin binds tightly to the target rRNA
adenosine by π-stacking it between two tyrosine residues.151 Saporin induces apoptosis of
mammalian cells extremely efficiently,152 and in addition to targeting RNA, it has also been
observed to depurinate DNA adenosines and cause apoptosis in translation-independent
pathways, making it an excellent candidate for therapeutic applications against cancer.153
Ribonucleases (RNases) are another class of cytotoxic proteins (e.g. Shiga toxin and
barnase) that digest cytosolic RNA, destroying mRNA before it can be translated into proteins
(Figure 4.1C). RNases cleave RNA by deprotonation of the 2’-hydroxy group to induce a
nucleophilic substitution on the phosphate group and protonation of the leaving hydroxy
group.154 This mechanism is exemplified in Figure 4.1C by barnase, a bacterial RNase which
contains a glutamate residue that acts as the base and a protonated histidine residue that
acts as an acid.155 Barnase has been shown to be a potent cytotoxic protein in mammalian
cells and has been studied as part of a potential cancer treatment.156
Cytotoxic proteins are excellent candidates for the development of new therapeutic
proteins in cancer treatment,157 but lack any specificity for a single cell type over others and
some also lack a mechanism to enter cells. TAT and TAT-based cell-penetrating peptides
(CPPs) have been conjugated to different cytotoxic proteins and other therapeutic proteins
with promising results on different cell lines in vitro. However, no specificity between
cancerous and non-cancerous cells was achieved during in vivo studies in mice, with
otherwise healthy organs affected by cell apoptosis.158 Some cancer cells overexpress
antigens that can be targeted by monoclonal antibody (mAbs)159 and some specificity has
been achieved by conjugating therapeutic proteins to mAbs. There are currently four mAbcytotoxic protein conjugates undergoing clinical trials; one using diphtheria toxin and three
using a fragment of Pseudomonas exotoxin A.157 Unlike many cytotoxic proteins, both
conjugated immunotoxins contain a native sequence for endosomal uptake. Other cytotoxic
proteins, like saporin, require conjugation to a CPP in order to pass the cell membrane and
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take effect. Although previous attempts to conjugate saporin to mAbs showed promising
results in initial clinical trials against non-solid tumours,

153

regulatory approval was withheld

due to poor cellular uptake, which necessitated high dosages that resulted in patients showing
strong immune responses to the mAbs.160 Immune reactions are the main limitation to the
effectiveness of mAb conjugates, with higher doses of the therapeutic agent required in every
session. This can been alleviated by blocking the production of immune cells prior to treatment
which, whilst more desirable than an immune response to the treatment, can be dangerous
for the patient as they are more vulnerable to other pathogens.159 Another limitation of mAbconjugated therapeutics is the variability in the amount and type of overexpressed antigens
between types of cancer and between individual patients, meaning each treatment must be
optimised on a case-by-case basis. Several mAb-independent approaches to deliver cytotoxic
proteins are also being researched, and a few have been proven to efficiently kill cancer cells
in pre-clinical trials. One recent example packaged RNase A in a nanocapsule that released
its cargo only in cancer stem-like cells, proving to be an efficient killer of cancer cells in vitro
and in mice.161
Our purposed PADP system contains no immunogenic mAbs and it is recombinantly
produced as a ready-to-be-delivered inactive protein, a more cost-effective approach than
using nanocapsules to deliver the cytotoxic protein. Two different cytotoxic proteins, saporin
and barnase, were selected to be engineered into PADP systems. They offer different
mechanisms of action, protein folds and sizes to increase the likelihood of success. Both
proteins are known to be very potent cytotoxins and the presence of a single molecule of
either in the cytosol has been hypothesised to be sufficient to kill a cell.160 This is a highly
desirable property for the PADP system, due to the low overall splicing yield previously
observed for mCherry.

4.2. SYSTEM DESIGN
Several factors needed to be taken into consideration when selecting the location to insert the
Npu DnaE intein into saporin and barnase:
(a) Catalytic site of the cytotoxic protein: the main priority in choosing the location of the
intein in the cytotoxic protein sequence was to disturb the catalytic site to completely
abolish activity.
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(b) Flanking residues: preserving as many of the native flanking residues as possible in
the exteins has proven highly beneficial for correct intein splicing in every intein studied
to date.50 Directed evolution of Npu DnaE intein has revealed which other flanking
residues are tolerated (Table 4.1),66 and the insertion site was matched to these data
as well as possible. The addition of native sequence linkers flanking the intein was
considered but ruled out as preserving the cytotoxic protein sequence intact was
considered a higher priority.
Table 4.1. Permitted flanking residues for successful intein splicing in Npu DnaE intein.

N-terminal extein
Position
Native
High
occurrence1

(-3)

(-2)

(-1)

(-1)

(-2)

(-3)

A

E

Y

C

F

N

G, R, K, D,
Q, E, H, S,
N, P, T

–

K, H, N

–

W, M, Y,
K, C

–

V, C, Y

G, P, D, N,
H, S, M, K,
T, Q, A, F,
Y, L, I, V,
C, W

A, T, S,
F, W, R,
M, C, L,
Q

–

V

E, Y, F, H,
M, D, T, L,
I

M, F, L, W,
I

R

V, E

–

–

Q, A, V, W,
S, C, G

Medium
occurrence

Low
occurrence

C-terminal extein

1

Residues found in Npu DnaE mutants selected for rapid splicing (Cheriyan et al.) ranked according to the
frequency of their appearance in each position. High occurrence corresponds to residues found in equal or higher
proportion than the native residues, medium to residues found in lower proportion than the native residues but
more than 10% occurrence, low occurrence residues found in less than 10% of cases. Residues not included in
the table had no occurrence and are considered forbidden for splicing.66

The C-terminal cysteine residue from the intein remains in the ligated protein after intein
splicing. Therefore, if no native cysteine residue could be selected to locate the intein,
the aim was to select a residue in the target protein that can be exchanged for a cysteine
without affecting the protein activity or folding. Ideally, a serine or a methionine would
be chosen, as they are the most similar in size and polarity, with small non-polar
residues (i.e. leucine or alanine) considered the next best option.
(c) Size of C-terminal extein: reported intein splicing rates in vitro indicated performance
was better with small C-terminal exteins and seemed independent of the N-terminal
extein size.50 This is hypothesised to be due to the ‘capture and collapse’ mechanism in
intein folding, where the C-terminal is believed to fold from above the catalytic site in

93

Chapter 4. Light-Activation of Cytotoxic Proteins in Mammalian Cells
such a way that the flanking residues fit in the pocket and contribute to the hydrogenbonding network.68 This folding is faster with short C-terminal extein sequences.
(d) Solubility: the intein would ideally be in a position where the protein could still partially
fold, such in loop regions or short motifs, where possible to avoid exposing larger
hydrophobic areas and adversely affecting PADP solubility.

4.2.1. Saporin
Saporin-S6 is a 253 amino acid protein consisting of two subunits and containing a catalytic
triad responsible for its cytotoxic activity: Glu176, Arg179 and Trp208 (Figure 4.2).151,153
These residues are involved in the acid-base catalysed depurination of ribosomal RNA as
discussed previously. Tyr72 is another residue vital for activity, as it is responsible for targeting
the highly conserved adenine from the 28S subunit rRNA. Tyr123 and Arg134 are other two
key residues involved in RNA binding.151
The Npu DnaE intein was located in place of Leu147, in the middle of an alpha-helix close
to the catalytic site, dividing the main catalytic residues from the tyrosine responsible for
saporin specificity for rRNA. Leu147 is not thought to be involved in the mechanism and its
substitution for a cysteine should have no effect on saporin activity after intein splicing. The
leucine side chain does not have any polar atoms that could be involved in hydrogen bonding
and Leu147 points away from the core of the protein and should not be involved in the
formation of the hydrophobic core. The residues flanking the intein site were all found in the
list of preferred residues, except for the threonine in the position (-2) of the C-terminal extein,
which is the least permissive position as shown in Table 4.1. However, no other better location
was found, and this position was the selected for the design.
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Figure 4.2. (A) Sequence and (B) structure of Saporin-S6 (PDB: 1QI7). Residues involved in the
reaction are shown in blue. The catalytic triad consists of Glu176, Arg179 and Trp208. Tyr72 targets
the adenine of interest from the ribosomal tRNA. The location selected to locate the intein (Leu147) is
shown in red.
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4.2.2. Barnase
Barnase is a 110 amino acid protein containing a catalytic dyad responsible for its cytotoxic
activity: Glu73 and His102 (Figure 4.3).162 Site-directed mutagenesis studies have shown that
Lys27, Arg83 and Arg87 are vital for catalysis, and that Ser57 and Arg59 are involved in RNA
binding. Interestingly, wild-type active barnase cannot be expressed on its own because of its
high toxicity to the organism; it must be co-expressed with its native polypeptide inhibitor
barstar,163 from which it can only be separated by high-salt size-exclusion chromatography.
Incorporation of the intein was expected to allow barstar-independent barnase expression, as
the protein should remain inactive until light-triggered intein splicing.

Figure 4.3. (A) Sequence and (B) structure of barnase (PDB: 1A2P). Residues involved in catalysis
are shown in blue: Glu73 and His102. The location selected to locate the intein (Ser38) is shown in red.
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The intein was located in the position Ser38 to split the catalytic site from the RNA binding
residues. Ser38 has not been reported to be involved in the mechanism of action of barnase
and changing it for a cysteine was expected to have no effect on barnase activity or folding
after intein splicing. This serine is located in a loop, which should not perturb protein folding,
yielding to a more soluble protein, and all the flanking residues resulting from this choice of
location are permitted for Npu DnaE splicing.

4.3. PROTEIN EXPRESSION AND PURIFICATION
4.3.1. Gene design and plasmid preparation
The genes encoding for (148TAG) intein-split saporin and (39TAG) intein-split barnase were
obtained from Thermofisher GeneArtTM (sequences in Table 6.3, Materials and Methods).
Both gene sequences included BsaI sites in both termini for Golden Gate assembly with
plasmid 13, which contains the HA2-cTAT CPP. Plasmid 13 was amplified by PCR to
exclude the intein-split mCherry sequence, preserving the CPP sequence and the TEVcleavable C-terminal polyhistidine tag with overhanging primers containing BsaI sites
complementary to those for saporin and barnase to generate Plasmid 20 and 21 respectively.
Detailed procedures can be found in the Materials and Methods section.

4.3.2. Expression and purification
Proteins were expressed and purified from inclusion bodies using the same protocol
established for photocaged intein-split mCherry, as described in Materials and Methods. The
cell density of the saporin culture after induction was less than a tenth of that of an equivalent
mCherry PADP expression culture, which suggested it retained some activity despite the
intein. Nickel-NTA affinity also yielded approximately a tenth of the protein concentration
obtained for mCherry (Figure 4.4). The cell density of barnase expression cultures after
induction was greater than for mCherry PADP, but purification yielded no barnase PADP.
Before trying different expression, conditions or redesigning the protein construct, preliminary
experiments were conducted with the purified saporin construct. Purified samples of saporin
(10 µM) in DMEM were flash-frozen for cell viability assays.
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Figure 4.4. Purification of (148ONB)-sap-intein-orin-HA2-cTAT. (A) Ni-affinity chromatography in
denaturing conditions (protein highlighted by black arrow). (B) Ni-affinity chromatography after protein
folding and His6-tag cleavage with TEV protease (protein highlighted by black arrow). (C) Protein (10
µM) in DMEM for cell culture assays.

4.4. CELL EXPERIMENTS
4.4.1. Preliminary results
The cytotoxicity of the saporin PADP was studied by cell viability assays in HeLa cells (Figure
4.5). Three conditions must be met to allow light-dependent saporin activity: the protein must
be successfully delivered into the cytosol, the intein location must completely disrupt the
cytotoxic activity and saporin must be folded into an active conformation after intein splicing.
E5-TAT peptide (2.5 µM) was again added to the incubation media when specified in an
attempt to enhance cytosolic delivery. Photocaged intein-split mCherry was used in the study
as a negative control to prove that none of the components of the system, such as the cleaved
photocaged or the cleaved intein, were toxic to the cells. The detergent Triton-X100 (0.01%)
was used as a positive control for cell death.
HeLa cells were incubated with the specified protein (10 µM) for 2 hours at 37 ºC. Cells
were then washed three times with heparin and once with PBS to remove any adhering protein
that could potentially be stacked to the membrane. DMEM (50 µl, FBS free) was added to the
well plate with the ‘light’ samples and they were irradiated for 10 minutes at 365 nm using a 5
UV-LED strip unit (UV Light Technology Limited). Cells were incubated overnight at 37 ºC in
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DMEM (100 µl, 10% FBS) to allow intein splicing, saporin maturation and saporin-induced cell
apoptosis. Celltiter Blue (20 µl) was added to the media and incubated with the cells for 4
hours at 37 ºC before measuring fluorescence at 585 nm by plate reader (Figure 4.5).

Figure 4.5. Cytotoxicity of light-activated intein-split saporin and mCherry. Mean of cell viability +/-SD,
n = 3. Experiments were performed in two black 96-well plates, one was kept in the dark throughout
the experiment and the other only until irradiation. HeLa cells (20,000 cells per well) were incubated for
2 hours with (ONB)-mCh-intein-erry-HA2-cTAT (10 µM) and (ONB)-sap-intein-orin-HA2-cTAT (10 µM)
in FBS-free DMEM supplemented with E5-TAT (2.5 µM) when indicated. Cells were washed three times
with heparin and once with PBS. Cells were irradiated in FBS-free DMEM (50 µl) for 10 minutes at 365
nm using a LED UV lamp (5 UV-LED strip unit, UV Light Technology Limited). DMEM (50 µl, 20% FBS)
was added to the cells, and they were incubated overnight at 37 ºC. Celltiter Blue reagent (20 µl) was
added to the cells and they were incubated for 4 hours at 37 ºC. Fluorescence was measured at 585
nm by plate reader. Triton-X100 (0.01%) was used as a positive control of cell death.

Cells treated with saporin alone were less than 50% viable, reinforcing that saporin was
partially active despite the presence of the intein, but there was a marked difference between
the dark and light samples, with illuminated cells losing around 25% additional viability over
samples kept in the dark. In contrast, samples of saporin in the presence of E5-TAT showed
no difference between the irradiated and the dark samples. Control samples of cells with the
mCherry construct and without any protein presented resulted in viabilities greater than 50%,
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with little difference between the irradiated and the dark samples, ruling out any apoptotic
induction by the cleaved intein or photocage.
Considering these results, there was a possibility that the tested dose of saporin was too
high, and that a lower concentration could lead to a greater difference between the cells kept
in the dark and the irradiated ones. The same experiment was therefore performed with a
range of saporin concentrations (1 mM to 5 pM) in the absence and presence of E5-TAT
(Figure 4.6). Generally, greater cell viability was observed with decreasing concentrations of
saporin in both light and dark experiments. However, a sizeable difference between dark and
light was not achieved at any of the tested concentrations. It was decided to re-design the
construct with a different intein position to more effectively disrupt saporin activity.

Figure 4.6. Cytotoxicity of light-activated intein-split saporin over a concentration gradient. Mean of cell
viability +/-SD, n = 3. Experiments were performed in two black 96-well plates; one was kept in the dark
throughout experiment and the other until irradiation. HeLa cells (20,000 cells/well) were incubated for
2 hours with (ONB)-sap-intein-orin-HA2-cTAT in the specified concentration in FBS-free DMEM
supplemented with E5-TAT (2.5 µM) when indicated. Cells were washed three times with heparin and
once with PBS. Cells were irradiated in FBS-free DMEM (50 µl) for 10 minutes at 365 nm using a LED
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UV lamp (5 UV-LED strip unit, UV Light Technology Limited). DMEM (50 µl, 20% FBS) was added to
the cells, and they were incubated overnight at 37 ºC. Celltiter Blue reagent (20 µl) was added to the
cells and they were incubated for 4 hours at 37 ºC. Fluorescence was measured at 585 nm by plate
reader. Triton-X100 (0.01%) was used as a positive control of cell death.

4.4.2. New intein location in saporin
The previous results suggested that saporin was active despite the intein insertion. The
original choice of location aimed to separate the RNA recognition site from the catalytic site.
The system was re-designed to split the catalytic site (Figure 4.7) by inserting the intein before
the catalytic residue Trp208. A cysteine residue was added to the sequence instead of
mutating any of the native residues as the existing flanking residues were favourable for
splicing.

Figure 4.7. New location of the intein in Saporin-S6. Residues involved in the reaction are shown in
blue. The intein was inserted before the Trp208, position marked by the red arrow. (A) Sequence of
saporin-S6. (B) Crystal structure of saporin-S6 (PDB: 1QI7).
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The plasmid encoding for the (207TAG)-Sap-int-orin-HA2-cTAT was produced by
amplifying the sequence of the plasmid encoding for (148TAG)-Sap-int-orin-HA2-cTAT in
three fragments and ligating them by Gibson assembly. Primers and protocols are detailed in
the Materials and Methods section. The protein was recombinantly produced in BL21 (DE3)
cells following the same protocol as for all the photocaged constructs, however, likewise to
barnase, no protein expression was observed. One potential cause for this problem could be
high toxicity of the truncated protein combined with leaky gene expression before induction.
BL21 AI cells, a E. coli strain with the T7 polymerase under an arabinose promoter for
tighter control of gene expression, was used to produce the protein at 20 ºC overnight (see
Materials and Methods). Protein purification was performed following the previously
established procedure and assessed by SDS-PAGE (Figure 4.8A). A band corresponding to
a mass of approximately 85 kDa was observed in all the elution fractions during purification.
This band was also present when the original (148ONB)-saporin construct was expressed in
BL21 AI cells (Figure 4.8B), which could be attributed to heat-shock protein (Hsp) 90, a
chaperone protein that could have bound to the construct to assist in protein folding after
translation. Another prominent band between 25 and 35 kDa was also observed in saporin
purification, which could be due to protein degradation. Purification was performed for both
constructs as detailed in Materials and Methods, and both proteins were frozen in 10 µM
aliquots in DMEM for the in vivo experiments.

Figure 4.8. Purification of saporin after expression in BL21 AI cells. (A) Ni-affinity chromatography of
(207ONB)-sap-intein-orin-HA2-cTAT (highlighted by black arrow). (B) Ni-affinity chromatography of
(148ONB)-sap-intein-orin-HA2-cTAT (highlighted by black arrow).
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Cytotoxic activity of both saporin constructs were tested on HeLa cells (Figure 4.9),
following the same protocol as explained previously. Surprisingly, no cytotoxic activity was
detected for either of the two proteins, with cell viability over 75% in both dark and illuminated
cells after overnight incubation. Compared to previous results where the original intein position
proved cytotoxic, this suggested the proteins might be incorrectly folded possibly due to
interference from Hsp90.

Figure 4.9. Cytotoxicity of light-activated intein-split (148ONB)- sap-int-orin-HA2-cTAT and (207ONB)sap-W-int-orin-HA2-cTAT. Experiments were performed in triplicate in two black 96-well plates, one of
them was kept in the dark throughout the experiment and the other only until irradiation at 365 nm.
HeLa cells (20,000 cells per well) were incubated for 2 hours with the specified protein (10 µM) in FBSfree DMEM supplemented with E5-TAT (2.5 µM) when indicated. Cells were washed three times with
heparin and once with PBS. Cells were irradiated in FBS-free DMEM (50 µl) for 10 minutes at 365 nm
using a LED UV lamp (5 UV-LED strip unit, UV Light Technology Limited). DMEM (50 µl, 20% FBS)
was added to the cells, and they were incubated overnight at 37 ºC. Celltiter Blue reagent (20 µl) was
added to the cells and they were incubated for 4 hours at 37 ºC. Fluorescence was measured at 585
nm by plate reader.
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To test this hypothesis, the mCherry construct was also produced in BL21 AI cells and
purified in the same manner as saporin (Figure 4.10). SDS-PAGE analysis of the purification
process showed that the same band around 85 kD appeared. mCherry fluorescence was
measured after light-activation and 3-hour incubation in vitro and in vivo, but no fluorescence
was observed in either case. Expression in BL21 AI cells was therefore discarded. Saporin
and barnase were once again produced in BL21 (DE3) cells. (148ONB)-Saporin expression
was fairly reliable, with barnase less so. Nevertheless, some of the expression attempts did
appear to contain the desired intein-split barnase and it was purified from inclusion bodies
following the same protocol as for saporin. Unfortunately, (207ONB)-Saporin yielded no
expression in BL21 (DE3) cells and the construct was discarded.

Figure 4.10. Ni-affinity purification of intein-split mCherry after expression in BL21 AI cells (protein
highlighted by black arrow).

4.4.3. Light-source location
Light-dependent cytotoxicity of saporin and barnase was studied following the same protocol
established during preliminary testing. However, significant variability was observed in the
results from illuminated plates under nominally equal conditions. A pattern was identified
where one well of the group of three tested for each cytotoxic protein showed cell death (cell
viability less than 20%), the next well showed 40-60% cell viability and the last one showed
complete survival (cell viability over 80%). The illumination set-up was carefully examined
(Figure 4.11A), and it was realised that it was impossible for all the wells to be equally
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irradiated when the plate and the lamp were overlapped (Figure 4.11B), due to the distances
between wells in the 96-well plate (Figure 4.11D) and the LEDs in the lamp (Figure 4.11E).
Surprisingly, some assays also showed unusually low cell viability for one of the wells
containing non-treated cells. It was noted that in these assays, there was only one lane of the
wells used for the experiment and the lamp was directly located in contact with the plate.
When the experiment contained several lanes of cells for concentration-dependent assays,
the lamp was located 14 mm above the plate (Figure 4.11C) and non-treated cells showed
overall higher cell viability than 60%. It was hypothesised that when the lamp was in direct
contact with the 96-well plate, light dispersion was reduced, and the intensity of the 365 nm
LED was enough to kill the cells independently of protein treatment. Therefore, wells seeded
with cells in the forthcoming experiments were the columns 1, 2, 4, 5, 8, 11 and 12 from the
lanes A and B to ensure the most even irradiation possible.

Figure 4.11. Irradiation patterns to activate intein splicing by light. 96-well plate with HeLa cells depicted
in black and LED lamp (5 UV-LED strip unit, UV Light Technology Limited) depicted in blue. (A) Initial
location of the proteins for incubation. C = non-treated cells, S = saporin, B = barnase. (B) Overlapping
of LED lamp over 96-well plate. (C) Distance between LED lamp and plate over irradiation. (D)
Measures of 96-well plate. (E) Measures of LED lamp.
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Cytotoxic activity of saporin and barnase was studied in HeLa cells using this well
arrangement (Figure 4.12). Cell viability of non-treated cells remained similar in the irradiated
plate and the one kept in the dark. An overall decrease in cell viability of around 50% was
observed between dark and light samples for both saporin and barnase in the absence of E5TAT. These promising results suggested that light-control of intein splicing was successful for
both proteins. However, more replicates were required to ensure the reproducibility of the
assay. As previously observed, the presence of E5-TAT induced more variability in the results,
yielding bigger error bars, and it was therefore excluded from future experiments.

Figure 4.12. Cytotoxicity assay of light-activation of intein splicing for (148ONB)-sap-int-orin-HA2-cTAT
and (38ONB)-barn-int-ase-HA2-cTAT. Mean of cell viability +/-SD, n = 3. Experiment was performed in
two black 96-well plates, one of them was kept in the dark throughout the experiment. HeLa cells
(20,000 cells per well) were incubated for 2 hours with the specified protein (10 µM) in FBS-free DMEM
supplemented with E5-TAT (2.5 µM) when indicated. Cells were washed three times with heparin and
once with PBS. Cells were irradiated in FBS-free DMEM (50 µl) for 10 minutes at 365 nm using a LED
UV lamp (5 UV-LED strip unit, UV Light Technology Limited). DMEM (50 µl, 20% FBS) was added to
the cells, and they were incubated overnight at 37 ºC. Celltiter Blue reagent (20 µl) was added to the
cells and they were incubated for 4 hours at 37 ºC. Fluorescence was measured at 585 nm by plate
reader.
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With the experimental conditions optimised, cell viability assays were performed with all
the photocaged constructs in the same experiment (Figure 4.13). Non-treated cells showed
over 50% cell survival in both dark and illuminated conditions, however, the cell viability of the
irradiated cells was around 20% less than for the ones kept in the dark, suggesting that 10
minutes of 365 nm irradiation was detrimental to the cell viability. The saporin PADP showed
an overall difference of 50% in cell viability between dark and light samples, albeit with large
error bars for the light samples that made it difficult to ascribe the effect solely to the protein
rather than background phototoxicity. The barnase construct performed better than saporin,
with a greater overall difference in cell viability and improved error bars; the upper error bound
for the light-treated samples was 40% less than the lower error bound of the dark state sample,
indicating that light-activation of barnase was likely to be the reason for the low cell viability.
Unexpectedly, the mCherry construct also showed an overall 50% cell viability difference
between dark and light. Considering the error bars, the viability values were separated by less
than 20% and as previous experiments showed very little difference between light and dark
non-treated cells and mCherry, more assays needed to be performed with cells on different
passage number to reach any final conclusion.

Figure 4.13. Cytotoxicity assay of light-activation of intein splicing for all the photocaged constructs:
mCherry, saporin and barnase. Mean of cell viability +/-SD, n = 3. Experiments were performed in two
black 96-well plates, one of them was kept in the dark throughout the experiment. HeLa cells (20,000
cells per well) were incubated for 2 hours with the specified protein (10 µM) in FBS-free DMEM. Cells
were washed three times with heparin and once with PBS. Cells were irradiated in FBS-free DMEM (50
µl) for 10 minutes at 365 nm using a LED UV lamp (5 UV-LED strip unit, UV Light Technology Limited).
DMEM (50 µl, 20% FBS) was added to the cells, and they were incubated overnight at 37 ºC. Celltiter
Blue reagent (20 µl) was added to the cells and they were incubated for 4 hours at 37 ºC. Fluorescence
was measured at 585 nm by plate reader.
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As significant variability was still observed between experiments, four experiments were
performed with the same batch of cells on the same day, shuffling the position of the incubated
protein to study if the location during irradiation was the source of the lack of reproducibility
(Figure 4.14).

Figure 4.14. Shuffling positions in the cytotoxicity assay of light-activation of intein splicing for all the
photocaged constructs: mCherry, saporin and barnase. Mean of cell viability +/-SD, n = 3. Experiments
were performed in triplicate in two black 96-well plates, one of them was kept in the dark throughout
the experiment. HeLa cells (20,000 cells per well) were incubated for 2 hours with the specified protein
(10 µM) in FBS-free DMEM. Cells were washed three times with heparin and once with PBS. Cells
were irradiated in FBS-free DMEM (50 µl) for 10 minutes at 365 nm using a LED UV lamp (5 UV-LED
strip unit, UV Light Technology Limited). DMEM (50 µl, 20% FBS) was added to the cells, and they
were incubated overnight at 37 ºC. Celltiter Blue reagent (20 µl) was added to the cells and they were
incubated for 4 hours at 37 ºC. Fluorescence was measured at 585 nm by plate reader.
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As expected, cell viability was higher than 80% in all of the dark samples for the four
experiments. This suggests the inteins inserted in saporin and barnase are at appropriate
sites to prevent cytotoxic activity. The desired scenario was obtained in one of the four
experiments, Figure 4.14C, where cell survival for the control of cells and for mCherry
remained the same in the dark and in the irradiated samples, and a substantial decrease in
cell viability observed only in the irradiated samples for saporin and barnase. However, the
cell survival for the irradiated samples in the four experiments remained dependant on their
location in the 96-well plate, complicating the data analysis. Whilst there appeared to be an
underlying trend indicating the intein was activated by light leading to functional cytotoxic
proteins, a statistical analysis of the data from the different experiments was necessary to
establish the significance of this trend.

4.5. DISCUSSION AND SUMMARY
In this chapter, two cytotoxic proteins, saporin and barnase, were selected to test the photoactivation of delivered protein (PADP) system with the aim to find a therapeutic application.
The constructs were designed, cloned into the plasmid that contained the HA2-cTAT CPP,
recombinantly expressed in E. coli and purified from inclusion bodies. Both proteins, specially
barnase, exhibited poor reproducibility of expression due to cell death prior to induction.
Attempts were made to address this by redesigning the intein location in saporin and trying a
different expression system with tighter control (BL21 AI cells), but no improvement resulted.
Saporin and barnase cytotoxic activity was tested in HeLa cells upon 10-minute irradiation
at 365 nm. The location of the 365 nm LED lamp was shown to be critical for the correct light
activation of intein splicing and for obtaining reliable results. mCherry was included in some
assays as negative control of cytotoxic activity. Some of the assays showed the desired
results, in which a clear difference was observed between the dark and light samples only for
the cytotoxic protein constructs. However, these assays were poorly reproducible, and
cytotoxicity was observed in some of the light samples that did not contained the cytotoxic
protein, suggesting that the irradiation conditions could be responsible for this observation.
Nevertheless, a trend was perceived through the experiments hinting that the system was
overall working.
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All the measurements from all the cytotoxic assays performed under the best available
irradiation conditions were statistically analysed together to investigate trends in the dark and
in the light (Figure 4.15). Cell cytotoxicity was divided into four blocks: 0 – 25%, 25 – 50%,
50 – 75% and 75 – 100 %; and the amount of dark and light measurements that fell into each
block was counted and plotted respectively for the four scenarios studied: non-treated cells (n
= 45), intein-split mCherry (n = 27), intein-split saporin (n = 42) and intein-split barnase (n =
23). All measurements were included in this analysis. A similar trend was observed for the
non-treated cells in the dark and in the light, where most of the data was localised between
50 and 75 % cell viability (Figure 4.15A). Light samples showed fewer results in the 75 –
100% range compared to the dark samples, most likely because irradiation at 365 nm has a
negative effect on cell viability. This effect was anticipated, and the data analysis clearly shows
that cells were largely viable after irradiation.
Two clear different trends were observed in the data for saporin in the dark and after
illumination (Figure 4.15C), in which most of the measurements were above 75% cell viability
in the dark and most of them bellow 25% in the light. These observations provide strong
evidence for the PADP working as desired in saporin. Cell death was also observed in the
dark, suggesting that the current system was somewhat leaky and required optimisation to
create a better tool. The barnase construct gave a tighter control with no cytotoxic leakiness
observed in the dark and with similar switching trends to those observed for saporin, with most
of the samples displaying a cell viability above 75% in the dark and mainly bellow 50% in the
light (Figure 4.15D). However, barnase seemed to be less toxic than saporin at the tested
concentration as most of the samples in the light were in the 25 – 50% cell viability range.
Presumably, the intein was in an ideal position to disrupt cytotoxic activity, but higher
concentrations of the barnase construct may be required to increase the overall effect on
viability. mCherry samples (Figure 4.15B) showed over 75% cell viability in the dark, but no
clear trend was observed in the light samples. Most of the samples in the light had over 50%
cell viability, but the distribution was quite even in all viability ranges. This should be
considered as an encouraging result as the lack of a conclusive trend for this negative control
gave more credibility to the trends observed for saporin and barnase.
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Figure 4.15. Statistical analysis of all the data sets of cytotoxic assays. Cell viability (X axis) is divided
in four blocks: 0 – 25%, 25 – 50%, 50 – 75% and 75 – 100%. The amount of measurements that fell in
each category (Y axis) was plotted and analysed. Dark samples shown in grey and light in blue. (A)
Non-treated cells. (B) Intein-split mCherry. (C) Intein-split saporin. (D) Intein-split barnase.
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The freely available Graphpad software2 was used to calculate the statistical parameters
(mean, median, standard deviation, standard error of the mean and the confidence interval)
for all of the eight datasets as detailed in Table 4.2.
Table 4.2. Statistical analysis of cytotoxic experiments with photocaged constructs.

Cells

mCherry

Saporin

Barnase

Parameter

Dark

Light

Dark

Light

Dark

Light

Dark

Light

Mean

64.75

52

80.7

54.59

61.95

29.97

86.01

37.61

SDa

21.22

26.22

20.85

29.42

28.78

23.82

9.16

23.69

SEMb

3.16

3.91

4.01

5.66

4.44

3.68

1.91

4.94

nc

45

45

27

27

42

42

23

23

90% CId

59.44
to
70.07

45.43
to
58.56

73.86
to
87.55

44.93
to
64.25

54.48
to
69.42

23.78
to
36.16

82.74
to
89.29

29.13
to
46.10

95% CI

58.38
to
71.13

44.12
to
59.87

72.46
to
88.95

42.95
to
66.23

52.98
to
70.92

22.55
to
37.39

82.05
to
89.97

27.37
to
47.86

99% CI

56.24
to
73.27

41.48
to
62.52

69.56
to
91.85

38.86
to
70.32

49.96
to
73.95

20.04
to
39.90

80.63
to
91.40

23.69
to
51.54

Minimum

22.91

2

15.4

0.55

0.35

0.41

59.57

-1.33

Median

65.67

52.78

85.99

56.76

71.77

19.58

87.57

40.2

Maximum

100

100

100

100

100

81.76

100

89.18

a

SD = standard deviation. b SEM = standard error of the mean. c n = total number of measurements in all the
experiments for each sample. d CI = confidence interval. The formulas employed for the statistical analysis were
the following:
𝑀𝑒𝑎𝑛 =

∑ 𝑥(
𝑛

∑(𝑥( − 𝑥̅ )0
𝑆𝐷 = +
𝑛

𝑆𝐸𝑀 =

𝑆𝐷
√𝑛

The statistical means in the dark and light showed a sharp difference for all the photocaged
constructs. However, when considering the standard deviation, the only protein that still
showed a large difference was barnase. When the medians were analysed, both saporin and
2

https://www.graphpad.com/quickcalcs/CImean1.cfm
112

Chapter 4. Light-Activation of Cytotoxic Proteins in Mammalian Cells
barnase showed a considerable difference between dark and light, with saporin exhibiting
very promising cell viability values. This large difference between statistical terms is due to
the mean being the average including all the data points despite any anomalies, and the
median the average of only the data points that fitted into the main population, ignoring
abnormally small and/or large measurements. Both should be considered before withdrawing
any conclusions, but the median seemed to describe better the underlying trends.Another
parameter used to observe the trends was the confidence interval (CI), which comprises the
statistical true values of a population (Table 4.2). The CI for a confidence level of 95% is
commonly used to statistically describe data sets. In order to facilitate the visualisation of
these parameters, the middle value of the CI (95%) was calculated for each of data set and
they were plotted in Figure 4.16, where the error bars correspond to the interval. As for the
previous analysis, all the samples in the dark had a cell viability higher than 50%, providing
more evidence for a successful intein-dependent disruption of protein activity. Significant
differences between dark and light data were found for all the photocaged constructs,
however, values for mCherry were considerably close to those of control of cells than the
cytotoxic proteins. Cell viability of the cells that were incubated with saporin and barnase were
both lower than 50% after irradiation, and over 50% when kept in the dark. This suggests that
both cytotoxic proteins could be controlled by light using the PADP system. As observed
previously, the greatest difference between dark and light was observed for barnase.

Figure 4.16. Confidence interval visualization for the dark and light experiments. The midpoint of the
95% confidence level interval was plotted with error bars corresponding to the whole interval.
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Finally, a t-test was performed to analyse statistical significative difference between two
independent means from two data sets (Table 4.3). The means of the photocaged constructs
in the light were compared to the mean of the non-treated cells in the light. In this test, two
means are considered different if the t-value is lower than the p-value. The p-value needs to
be lower than 0.5 for a reliable result. The results of the test showed that the mean of all the
experiments with the cytotoxic proteins in the light were statistically different from the mean of
the irradiated cells, whilst the mean of the mCherry construct was not statistically
significatively different from the cells (Figure 4.17). This implied that the cells were not
undergoing apoptosis due to the irradiation at 365 nm, but because of the activity of the
cytotoxic proteins being triggered by light and intein splicing.
Table 4.3. t-test of statistical difference between two independent means. The complete data set for
irradiated control cells were compared to data sets for the irradiated photocaged constructs.

t-value

p-value

mCherry

0.39

0.35

Statistically
different
No

Saporin

-4.09

0.000048

Yes

Barnase

-2.2094

0.015

Yes

Results are significant at p<0.5. The t-test was calculated using the SocSciStatistics free software
(https://www.socscistatistics.com/tests/studentttest/default2.aspx). Formula to obtain the t value:
𝑀5 − 𝑀0
𝑡=
0
6(𝑆𝐷5 · 𝑀5 + 𝑆𝐷00 · 𝑀0 )

The statistical analysis of all the datasets from the cytotoxic assays suggested that the
PADP was successfully implemented in saporin and barnase, observing a different behaviour
in the dark and after irradiation. The system needs further optimisation to increase the darklight dynamic range, but these studies have proved the general applicability of the PADP tool
to different proteins and illustrate its potential for applications in research and therapy.
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Figure 4.17. Statistical analysis of significative difference between independent means. Means of cell
viability +/-SD of irradiated cells (n = 45) was compared to the ones of intein-split mCherry (n = 27),
intein-split saporin (n = 43) and intein-split barnase (n = 23). n.s. = not significant, * = p < 0.00005, ** p
< 0.015.
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This project aimed to develop and characterise a novel system to deliver photo-activatable
proteins (PADPs) to the cytosol of mammalian cells as a new tool for research and proof of
concept for future protein therapeutics. Spatio-temporal control of protein activity is highly
desirable to reduce undesired side effects in therapy. However, current methods to control
protein activity are limited to research, as the therapeutic protein must be produced directly in
the organism of interest. In contrast, the PADP system was designed for recombinant
production in bacterial strains. The PADP was formed by three main components (Figure 5.1)
that each required optimisation: an intein to disrupt protein activity, a photocage blocking a
key cysteine residue of the intein and a cell-penetrating peptide (CPP) to deliver the system
into mammalian cells. The PADP system was firstly implemented on the red-fluorescent
protein mCherry in order to easily characterise and optimise the system by fluorescence
spectroscopy.

Photocaged
cysteine

PADP
Photoactivatable
delivered protein
system

Intein

CPP

• Incorporation yield
• Photoresponsiveness
• Decaging yield

•
•
•
•

Activity disruption
Splicing yield
Splicing conditions
Solubility

• Delivery efficiency
• Endosomal escape
• Delivery of different
proteins

Figure 5.1. Main aspects of the PADP system investigated in this work: photocaged cysteine, intein
and cell-penetrating peptide (CPP).
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5.1. OPTIMISATION OF PADP SYSTEM
Inteins are proteins that are found in nature inserted in between another protein sequence,
perturbing that protein fold and disrupting its activity.58 The intein is a crucial element of the
PADP system, as it must be completely photo-controlled and, ideally, its presence should
entirely prevent protein activity to maximise the dynamic range between pre- and postirradiation activity. This increases the dose that can be used without the undesired effects and
therefore broadens the therapeutic window. The Npu DnaE intein was selected for the project
because it is the fastest splicing intein found in nature to date, and it also shows substantial
promiscuity in the flanking residues tolerated for intein splicing.66 However, Npu DnaE intein
is a naturally trans-splicing intein and had never been characterised in vitro fused as a cissplicing intein. Achieving the correct intein fold during purification proved essential.68 It was
anticipated that the intein fold could be adversely affected by the photocage, the flanking
protein sequences or the presence of positively charged CPPs.

5.1.1. Irradiation conditions
Intein splicing was controlled by light by photocaging one of the two key cysteine residues.66
O-Nitrobenzoyl (ONB) cysteine was used because a corresponding t-RNA synthetase111
evolved to incorporate ONB-cysteine in response to an amber codon during translation was
readily available. Incorporation of unnatural amino acids by expansion of the genetic code99
displayed variable expression yields, as this process is naturally in competition with
termination of the protein. Expression tests showed that more truncated protein was obtained
than the full-length protein. This limited the amount of protein that could be produced for in
vitro and in vivo characterisation.
ONB-Cysteine was determined by fluorescence spectroscopy and mass spectrometry to
undergo complete decaging in vitro after 2 minutes irradiation at 365 nm using a benchtop
transilluminator. Ideally, brominated hydroxycoumarin (BHC) cysteine would have been used
in the PADP system because of its two decaging wavelengths (450 and 740) being more
biocompatible and a tRNA synthetase was available for its incorporation. However, during this
project BHC-cysteine was reported to undergo a methyl shift upon irradiation instead of
decaging.135 A key aspect for the future work on this project would be the evolution of a tRNA
synthetase

to

incorporate

a

near-infrared

sensitive

photocaged

cysteine,

e.g.

nitrodibenzofuran.164 Near-infrared radiation offers deeper tissue penetration and it does not
induce DNA photodamage, reducing phototoxicity.
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5.1.2. Intein splicing studies
A fluorescence standard curve was measured at known concentrations of mCherry to allow
quantification of in vitro splicing yields. Reducing agents and crowding agents were tested at
different concentrations, but the highest splicing yield recorded was 5%. Two possible reasons
for the low yields were the flanking residues not being optimal for splicing, or the fusion of the
two intein subunits inducing more rigidity in the folding, leading to non-active conformations
of the intein. mCherry formation was therefore tested using the trans-splicing Npu DnaE intein
under the same conditions to study the second possibility. Splicing yields were identical for
the cis- and trans-splicing inteins, suggesting that the flanking residues were responsible for
the low yields.
Time constraints did not allow further studies, but future work should include changing the
intein location to a position where the flanking residues are more favourable for splicing in
order to assess if the flanking residues were the sole reason for the low yields. If this proved
to be the case, another solution could be adding loops to each end of the intein, formed of the
flanking residues found in native Npu DnaE. This approach would add six amino acids to the
final protein after intein splicing. With therapeutic applications in mind, maintaining the integrity
of the protein of interest was prioritised over getting a higher yield during this project, but this
should be only considered when there is not a feasible location for intein insertion in the protein
of interest. Other aspects ripe for future study include replacing the native intein with an
evolved intein,165 which usually exhibit higher splicing rates and might accept other flanking
residues, or evolving an intein to optimally splice for a particular pair of flanking sequences.
Finally, intein splicing was also investigated in a pH range from 3 to 8. CPP-fused proteins
are usually taken up in endosomes (pH 6). Endosomes then deliver the cargo to the cytosol
(approx. pH of 7), or to other organelles, or are acidified for lysosomal degradation (pH 4.5).
The pH range study showed that splicing is only achieved at pH 6 to 8, suggesting that if the
PADP remained trapped in endosomes, no splicing would occur upon irradiation.

5.1.3. Testing PADP in HeLa cells
The ability of different linear or circular derivatives of the HIV-1 TAT peptide to deliver native
mCherry to HeLa cells was tested. Npu DnaE intein was kept in the gene encoding for the
mCherry-CPP constructs to determine if any of the CPPs disrupted the intein fold, preventing
intein splicing. SDS-PAGE analysis confirmed that intein splicing was successful in every
construct. However, two constructs, pept-//-cTAT and -HA2-cTAT, exhibited no fluorescence,
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suggesting the chromophore maturation was hindered. Nevertheless, careful refolding of both
proteins led to fluorescent mCherry, and all the constructs were tested on HeLa cells.
Confocal microscopy showed that all the constructs were internalised in cells, but they
seemed to remain mainly trapped in endosomes. Quantification of mCherry uptake by FACS
showed that circular CPPs performed much better than the linear versions, and surprisingly
the fusion of HA2 peptide to circular TAT (cTAT) enhanced protein uptake substantially over
cTAT alone. The HA2 peptide has been reported to display endosomolytic properties,
augmenting endosomal escape, but it has not been reported to increase protein delivery into
cells. It would be of interest to determine if this construct performed better due to the HA2
sequence or if HA2 was merely acting as a linker. Future work should include random
mutations in the HA2 sequence and substituting it for other common linkers of different lengths
to quantify any effect. HA2-cTAT could not be concluded to have delivered more protein to
the cytosol than the other constructs because mCherry was still mainly congregated in
endosomes. The E5-TAT endosomolytic peptide42 was added to the incubation media to
enhance endosomal escape. However, no difference was observed in the uptake or in the
cellular distribution, with protein remaining primarily located in endosomes. This could be
studied further by addition of more commonly used endosomolytic small compounds (e.g.
chloroquine) to determine any changes in mCherry cellular distribution.
Finally, light-activation of (ONB)-mCh-intein-erry-HA2-cTAT was tested in HeLa cells. After
studying different irradiation and incubation conditions, mCherry fluorescence was detected
by FACS after irradiating the cells for 10 minutes with a 365 nm LED lamp and incubating
them for 3 hours to allow intein splicing and chromophore formation. This assay was repeated
several times on different batches of protein and consistent results were obtained. This proved
the feasibility of the PADP concept.

5.2. PADP SYSTEM IN CYTOTOXIC PROTEINS
New iterations of the PADP system were then designed incorporating the cytotoxic proteins
barnase and saporin to study the applicability of the system for therapeutic contexts. Similarly
to the mCherry design, the final location of the intein was not flanked by the optimal residues
for splicing, but locations were chosen to be most likely to disrupt cytotoxic activity. Two
different intein locations were tested for saporin because preliminary cell viability assays
suggested the construct was still active in the dark. This effect was later determined to be a
result of the irradiation conditions, as direct contact between the plate and UV lamp led to a
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few wells receiving strong irradiation that directly killed the cells, with the remaining wells left
unaffected. The optimal distance between the 365 nm LED lamp and the well-plate was
determined to be 14 mm, and only wells identified to be evenly illuminated were seeded with
cells in subsequent experiments.
Irradiation experiments on HeLa cells after incubation with the PADP cytotoxic constructs
were not conclusive, but promising trends were consistently observed. Statistical analysis of
all of the data collected in the cell viability assays revealed significant differences between
control irradiated cells and those treated with cytotoxic PADPs. Saporin exhibited some
cytotoxic activity in the dark, which decreased the dynamic range of cell viability between dark
and light samples. Barnase showed more consistent data than saporin, suggesting it might
be more appropriate for potential therapeutic applications, but was less cytotoxic than saporin
after irradiation at the concentration tested.
The PADP was proven to be generally applicable, showing its versatility for research
applications, but the cytotoxic PADPs still need considerable optimisation before being
considered for therapeutic applications. Future experiments should focus on increasing the
concentration of barnase to determine if it induces cell apoptosis in the light more effectively,
when still remaining inactive in the dark. Efforts also should be made to find a more optimal
location for the intein in saporin to avoid activity in the dark state. If this was achieved, lower
concentrations of saporin could be used to increase the change in toxicity upon irradiation.
Other cytotoxic proteins could also be studied to find a better candidate.

5.3. FUTURE WORK OVERVIEW
In summary, three different proteins have been proven to be successfully delivered into
mammalian cells while being inactive by a photocaged-intein, with protein activity shown to
be recovered upon irradiation. The PADP is a novel tool offering tight spatio-temporal control
of protein activation and a basis to develop new protein therapeutics and new procedures to
research cell processes. Future research should include implementation of the system in
proteins with different sizes, charges, functions in the cell and in different cell lines. One
application considered for this project was implementing a PADP system based on MyoD, a
small transcription factor that induces fibroblast differentiation into myoblasts to develop the
PADP application in the field of regenerative medicine. Unfortunately, time constraints did not
allow the planned studies to be carried out.
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One of the most appealing characteristics of the PADP system is that each one of the three
components can be adjusted to improve its performance for different proteins and
applications. Improving the PADP performance could be achieved by changing the intein
location in the protein sequence, or by mutating some of the flanking residues to the native
ones as long as protein activity remains unaffected. More intense light sources could be tested
to reduce irradiation time and may possibly improve the efficiency of activating the system, as
it was not possible to determine if decaging was complete inside the cells with the current light
source. If a better intein or CPP were discovered, they could easily be substituted for the ones
employed in this project, but the most pressing element to be improved is the cysteine-based
photocage. Future work on this project should include evolving a tRNA synthetase to
incorporate a near-infrared photocaged cysteine, which would be more biocompatible, reduce
DNA photodamage and allow deeper tissue penetration.
Experiments could also be performed to study the delivery of the PADP to cells in depth by
may allow us to better understand this event and reveal ways to enhance both cell delivery
and endosomal escape. This project leaves a strong foundation, illustrating the most important
aspects of designing a new PADP systems and describing methodology to test their activity
and light-responsiveness.
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6.1. ORGANIC SYNTHESIS METHODS
6.1.1. Materials
All chemicals were purchased from Sigma-Aldrich UK (Poole, United Kingdom), Apollo
Scientific UK (Cheshire, United Kingdom) or Fisher Scientific Ltd (Loughborough, United
Kingdom) and used without further purification.

6.1.2. NMR Spectroscopy
1

H and 13C NMR spectra were recorded on Bruker Fourier 300 (300 Hz) and Bruker Ascend

500 (500 Hz) spectrometer. Chemical shifts (δ) are quoted in parts per million (ppm) and
referenced to tetramethyl silane, using residual protonated solvents as internal standards
(D2O at 4.79 ppm and CDCl3 at 7.26 ppm). Abbreviations used in the description of
resonances are: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad). NMR
spectra for the synthesised organic compounds can be found in the appendix.

6.1.3. Mass Spectrometry
High and low-resolution electrospray mass spectra of small molecules were determined by
Waters LCT Premier time of flight mass spectrometer. Mass spectra for the synthesised final
organic compounds can be found in the appendix.

6.1.4. Thin layer chromatography (TLC)
TLCs were performed on aluminium plates pre-coated with G/UV254 silica. Spots were
visualized by UV light, using a UVGL-58 Handheld UV lamp, or/and with potassium
permanganate stain. For 1 litre of stain, potassium permanganate (7.5 g) and potassium
carbonate (50 g) were dissolved in deionised water, sodium hydroxide solution (6.25 ml, 10%
w/v) was added and the solution was made up to 1 litre with further deionised water.

6.1.5. Synthesis of nitrobenzoyl cysteine
6.1.5.1. Synthesis of 3’,4’-(methylendioxy)-6’-nitroacetophenone (1b)
Nitric acid (548.3 mmol, 40 ml, 6.0 eq.) was added dropwise (1.5 h) to a solution of 3,4(methylendioxy)-acetophenone (1a, 91.4 mmol, 15 g, 1.0 eq.) in nitromethane (170 ml) at
room temperature. The reaction was left stirring overnight. The reaction mixture was
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neutralised with saturated sodium bicarbonate solution, and the resulting aqueous solution
was extracted with dichloromethane (3 x 50 ml). The organic layers were dried over
magnesium sulphate, filtered and the solvent was removed under reduced pressure. The
product was purified by column chromatography over silica gel, eluting with 4:1 hexane:ethyl
acetate to yield a yellow solid (13.9 g, 70% yield). The product displayed spectroscopic data
consistent with those previously reported.166
1

H NMR (300 MHz, CDCl3) δ (ppm): 2.42 (3H, s, -C(O)CH3), 6.11 (2H, s, -CH2O2-), 6.68

(1H, s, -CHC(NO2)-), 7.48 (1H, s, -CHC(C(O)CH3)-).

13

C NMR (75 MHz, CDCl3) δ (ppm):

30.2 (-C(O)CH3), 103.6 (-CH2O2-), 104.8 (-CHC(NO2)-), 106.2 (-CHC(C(O)CH3)-), 135.1 (C(C(O)CH3), 140.2 (-CHC(NO2)-), 148.8 (-C(O)CHC(NO2)-), 152.7 (-C(O)CHC(C(O)CH3)-),
199.1 (-C(O)CH3). LRMS (ESI +ve): calculated mass [M+H]+: 209.03, found mass: 209.03.

6.1.5.2. Synthesis of methylnitropiperonyl alcohol (1c)
Sodium borohydride (66.4 mmol, 2.5 g, 1.0 eq.) was added dropwise to a solution of 3’,4’(methylendioxy)-6’-nitroacetophenone (1b, 66.4 mmol, 14.0 g, 1.0 eq.) in tetrahydrofuran (200
m) and ethanol (200 ml). The reaction was stirred at room temperature overnight. The reaction
mixture was neutralised with dilute hydrochloric acid (1 M) and the solvent was removed under
reduced pressure. The resultant solid was partitioned between deionised water and
dichloromethane. The aqueous phase was extracted with further dichloromethane (2 x 50 ml).
The combined organic layers were dried over magnesium sulfate, filtered and the solvent
removed under reduced pressure to yield a yellow solid (12.0 g, 85% yield). The product
displayed spectroscopic data consistent with those previously reported.111
1

H NMR (300 MHz, CDCl3) δ (ppm): 1.47 (3H, d, J = 6Hz, -CH(OH)CH3), 2.22 (1H, br, -

OH), 5.23 (1H, q, J = 6Hz, -CH(OH)CH3), 6.04 (2H, s, -CH2O2-), 7.19 (1H, s, -CHC(NO2)-),
7.39 (1H, s, -CHC(CH(OH)CH3)-).

13

C NMR (75 MHz, CDCl3) δ (ppm): 24.0 (-CH(OH)CH3),

65.5 (-CH(OH)CH3), 102.8 (-CH2O2-), 105.0 (-CHC(NO2)-), 106.2 (-CHC(CH(OH)CH3)-),
138.8

(-C(CH(OH)CH3),

141.3

(-CHC(NO2)-),

146.7

(-C(O)CHC(NO2)-),

152.3

(-

+

C(O)CHC(CH(OH)CH3)-). LRMS (ESI +ve): calculated mass [M+H] : 211.17, found mass:
211.05.

6.1.5.3. Synthesis of
ethane (1d)

(R,S)-1-Bromo-1-[4’,5’-(methylendioxy)-2’-nitrophenyl]

An oven-dried 3-necked round-bottom flask containing methylnitropiperonyl alcohol (1c, 47.4
mmol, 10.0 g, 1.0 eq.) was dried under vacuo for 15 minutes. Then, it was purged with argon
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for 15 minutes. This cycle was repeated three times. The dried solid was dissolved in dry
dichloromethane (230 ml) and cooled to 0ºC for 30 minutes. Phosphorous tribromide (19.0
mmol, 1.8 ml, 0.4 eq.) was added dropwise over 10 minutes at 0 ºC. Pyridine (3.8 mmol, 0.3
ml, 0.08 eq.) was then added to the reaction mixture and the solution was stirred at 0 ºC for
15 minutes and at room temperature for 1.5 hours. The reaction was then again cooled to 0
ºC and methanol (10 ml) was added. The solution was stirred at room temperature for 30
minutes, and the solvent was removed under reduced pressure and the residue partitioned
between dichloromethane and saturated sodium bicarbonate solution. The aqueous phase
was extracted with further dichloromethane (2 x 50 ml). The combined organic layers were
dried over magnesium sulfate, filtered and the solvent was removed under reduced pressure.
The product was purified by column chromatography over silica gel eluting with 1:1
hexane:dichloromethane to yield a yellow solid (7.8 g, 60% yield). The product displayed
spectroscopic data consistent with those previously reported.111
1

H NMR (300 MHz, CDCl3) δ (ppm): 1.95 (3H, d, J = 6Hz, -CH(Br)CH3), 5.81 (1H, q, J =

6Hz, -CH(Br)CH3), 6.05 (2H, s, -CH2O2-), 7.18 (1H, s, -CHC(NO2)-), 7.25 (1H, s, CHC(C(O)CH3)-). 13C NMR (75 MHz, CDCl3) δ (ppm): 24.0 (-CH(Br)CH3), 42.7 (-CH(Br)CH3),
103.1 (-CH2O2-), 104.9 (-CHC(NO2)-), 108.7 (-CHC(CH(Br)CH3)-), 134.7 (-C(CH(Br)CH3),
147.6 (-C(O)CHC(NO2)-), 152.3 (-C(O)CHC(CH(Br)CH3)-). LRMS (ESI +ve): calculated mass
[M+H]+: 274.07, found mass: 272.96.

6.1.5.4. Synthesis of S-(1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl)-L-cysteine (1)
A solution of (R,S)-1-bromo-1-[4’,5’-(methylendioxy)-2’-nitrophenyl]ethane (1d, 18.2 mmol,
5.0 g, 1.1 eq.) in degassed dioxane (20 ml) was added dropwise over 1 hour to a degassed
solution of L-cysteine (16.5 mmol, 2.0 g, 1.0 eq.) in sodium hydroxide (33 ml, 0.5 M). The
reaction mixture was stirred at room temperature overnight. Salts formed during the reaction
were filtered then off, and the solution was acidified with hydrobromic until precipitation of the
product was observed. Product was isolated by filtration to yield a light yellow solid (2.2 g,
40% yield). The product displayed spectroscopic data consistent with those previously
reported.111
1

H NMR (400 MHz, NaOD/D2O) δ (ppm): 1.40 (3H, d, J = 6.9 Hz, -CH(S)CH3), 2.60 – 2.37

(2H, m, -CHCH2S-), 3.11 (1H, d, J = 5.3 Hz, -CH(S)CH3), 4.64 – 4.55 (1H, m, -CHCH2S-), 5.98
(2H, s, -CH2O2-), 7.17 (1H, s, -CHC(NO2)-), 7.27 (1H, d, -CHC(C(O)CH3)- ).

13

C NMR (125

MHz, NaOD/D2O) δ (ppm): 22.0 (-CH(S)CH3), 36.9 (-CHCH2S-), 39.0 (-CHCH2S-), 55.3 (CH(S)CH3), 103.7 (-CH2O2-), 105.2 (-CHC(NO2)-), 108.1 (-CHC(CH(Br)CH3)-), 136.1 (131
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C(CH(S)CH3), 142.5 (-CHC(NO2)-), 146.8 (-C(O)CHC(NO2)-), 152.5 (-C(O)CHC(CH(S)CH3)), 180.9 (-COOH). HRMS (ESI -ve): calculated mass [M+H]+: 314.0573, found 314.0561.

6.1.6. Synthesis of brominated hydroxycoumarin (BHC)-cysteine
6.1.6.1. Synthesis of 4-bromoresorcinol (2b)
Resorcinol (2a, 22 mmol, 2.2 g, 1.0 eq.) was dissolved in a mixture of 1:1 methanol:water (100
ml). Oxone (24.2 mmol, 7.4 g, 1.1 eq.) and ammonium bromide (24.2 mmol, 2.4 g, 1.1 eq.)
were added to the mixture as solids. The reaction was stirred for 30 minutes at room
temperature and the solvent was removed under reduced pressure. The solid residue was
dissolved in ethyl acetate and washed sequentially with sodium thiosulfate solution (0.2 M,
100 ml), water and brine in a separating funnel. The organic layer was dried over magnesium
sulphate, filtered and the solvent removed under reduced pressure. The residue was purified
by column chromatography over silica gel eluting with 9:1 hexane:ethyl acetate to yield a pink
powder (2.12 g, 51%). The product displayed spectroscopic data consistent with those
previously reported.167
1

H NMR (300 MHz, DMSO-d6) δ (ppm): 6.17 (1H, m, -CHC(OH)CH-), 6.42 (1H, d, J = 2.7

Hz, -C(OH)CHC(OH)-), 7.18 (1H, d, J = 8.6 Hz, -CHC(Br)-).

13

C NMR (75 MHz, DMSO-d6) δ

(ppm): 98.2 (-C(Br)-), 103.6 (-C(OH)CHC(OH)-), 108.2 (-CHC(OH)-), 132.8 (-CHC(Br)-),
154.6 (-C(OH)C(Br)-), 157.9 (-CHC(OH)CH-). LRMS (ESI +ve): calculated mass [M+H]+:
187.94, found mass: 187.95.

6.1.6.2. Synthesis of 6-bromo-4-chloromethyl-7-hydroxycoumarin (2c)
Ethyl 4-chloroacetoacetate (6.3 mmol, 1.04 g, 1.2 eq.) was slowly added to a solution of 4bromoresorcinol (1b, 5.3 mmol, 1 g, 1.0 eq.) in methanesulfonic acid (10.5 ml). The reaction
mixture was stirred at room temperature for 3.5 hours. The reaction was then quenched with
ice-cold distilled water (25 ml) and it was stirred for 1 hour. The product was filtered from the
suspension, and it was recrystallised from ethanol to yield a white powder (310 mg, 17%
yield). The product displayed spectroscopic data consistent with those previously reported.168
1

H NMR (300 MHz, DMSO-d6) δ (ppm): 5.00 (2H, s, -CH2Cl), 6.47 (1H, s, -CHC(O)-), 6.91

(1H, s, -CHC(OH)-), 7.99 (1H, s, -CHC(Br)-), 11.57 (1H, s, -C(OH)-).

13

C NMR (75 MHz,

DMSO-d6) δ (ppm): 41.3 (-CH2-Cl), 103.3 (-C(Br)-), 106.2 (-CHC(OH)-), 110.7 (-CCHC(Br)-),
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112.1 (-CHC(O)-), 129.1 (-CHC(Br)-), 150.2 (-CCH2-Cl), 154.1 (-CCHC(OH)-), 157.6 (-C(OH)), 159.7 (-C(O)CH2)-). LRMS (ESI +ve): calculated mass [M+H]+: 287.92, found mass: 287.92.

6.1.6.3. Synthesis of brominated hydroxycoumarin cysteine (2)
L-Cysteine (0.76 mmol, 92 mg, 1.1 eq.) was dissolved in an ice-cold solution of sodium
hydroxide in 1:1 water/ethanol (5 ml, 0.5 M). A solution of 6-bromo-4-chloromethyl-7hydroxycoumarin (2c, 0.70 mmol, 200 mg, 1.0 eq.) in ethanol (20 ml) was added dropwise
and the reaction was stirred for 1.5 hours at room temperature. The reaction was quenched
with ice-cold distilled water and it was adjusted to pH 5.0 with diluted hydrochloric acid to
precipitate the final product. The product was filtered from the suspension to yield a white
powder (170 mg, 60% yield). The product displayed spectroscopic data consistent with those
previously reported.168
1

H NMR (300 MHz, D2O) δ (ppm): 3.28 (2H, m, -SCH2CH-), 4.17 (2H, s, -SCH2CCH-), 6.40

(1H, s, -CHC(O)-), 6.83 (1H, s, -CHC(OH)-), 8.20 (1H, s, -CHC(Br)-). 13C NMR (75 MHz, D2O)
δ (ppm): 35.7 (-SCH2CH-), 54.9 (2C, -CH2SCH2CH-), 98.8 (-C(Br)-), 109.3 (-CHC(OH)-), 117.4
(-CHC(O)-), 125.3 (-C(Br)CHC-), 133.1 (-C(Br)CH-), 163.5 (-OCCH-), 164.5 (-C(OH)-), 176.8
(-C(O)-), 181.2 (-CO2H). HRMS (ESI -ve): calculated mass [M+H]+: 372.96, found mass:
371.9534.

6.2. BIOLOGICAL METHODS
6.2.1. Materials
All chemicals were purchased from Sigma-Aldrich UK (Poole, United Kingdom), Apollo
Scientific UK (Cheshire, United Kingdom), Melford Laboratories Ltd (Suffolk, United Kingdom)
or Fisher Scientific Ltd (Loughborough, United Kingdom) and were used without further
purification. Restriction enzymes, Pfu polymerase, T4 ligase and Gibson Assembly Mix were
purchased from New England Biolabs UK Ltd (Hitchin, United Kingdom). PrimeSTAR
polymerase was purchased from Takara Bio Europe (Saint-Germain-en-Laye, France).

6.2.2. Media preparation
Luria-Bertani (LB) media was prepared by dissolving tryptone (10 g), yeast extract (5 g) and
sodium chloride (10 g) in deionised water (1 L) and pH was adjusted to 7.4 with sodium
hydroxide (1 M). Media was autoclaved at 121 ºC for 15 minutes before usage.
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Terrific broth (TB) was prepared by dissolving tryptone (12 g), yeast extract (24 g) and
glycerol (4 ml) in deionised water (900 ml). In a separate flask, a solution of monopotassium
phosphate (0.17 M) and dipotassium phosphate (0.72 M) in deionised water (100 ml) was
prepared. Both solutions were autoclaved at 121 ºC for 15 minutes and the solutions were
combined at the sterile bench immediately before usage.

6.2.3. Antibiotic stock preparation
Antibiotics were prepared as sterile stock solutions (mg/ml). Solid antibiotics were weighted
out and dissolved in deionised water (10 ml). Solutions were filter-sterilised at the sterile bench
and aliquoted out into sterile Eppendorfs (1 ml). Antibiotics were then diluted 1:1000 into
media to yield the correct concentrations: ampicillin (100 µg/ml), tetracycline (15 µg/ml),
kanamycin (45 µg/ml) and spectinomycin (75 µg/ml). Stock solutions were stored in -20 ºC
freezer and thawed on ice prior to use.

6.2.4. Agar plates preparation
Agar solution for plates was prepared by dissolving agar (7.5 g), tryptone (5 g), yeast extract
(2.5 g) and sodium chloride (10 g) in deionised water (500 ml). The suspension was
autoclaved at 121 ºC for 15 minutes. The resulting solution was allowed to cool down to
approximately 40-50 ºC before adding the necessary antibiotics and pouring it into sterile
Petri. Plates were stored in the cold room at 4 ºC until required.

6.2.5. Bacterial strains
Several E. coli strains were used in the course of this project. XL1-Blue and DH5a cell lines
were employed for cloning and DNA amplification. BL21 (DE3) and BL21 AI cell lines were
used for protein expression and also for incorporation of unnatural amino acids. TOP10 cells
were used for incorporation of unnatural amino acids in sfGFP.

6.2.6. Competent cells
6.2.6.1. Buffers
Calcium chloride (100 mM) was dissolved in deionised water and autoclaved at 121 ºC for
15 minutes. The resulting solution was stored at 4 ºC prior to use.
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6.2.6.2. Protocol
An aliquot of the cell strain (50 µl) was incubated in LB media (50 ml) overnight at 37 ºC in the
absence of antibiotics, except for XL1-Blue cells for which the media was supplemented with
tetracycline. An aliquot (1 ml) of the overnight culture was used to inoculate fresh LB media
(100 ml) and the resulting culture was grown at 37 ºC until the optical density at 600 nm
(OD600) reached 0.4-0.5 for the cloning strains (XL1-Blue and DH5a), or 0.9-1.2 for the
expression strains. Cells were chilled on ice for 15 to 30 minutes, and then distributed between
two sterile 50 ml flacon tubes at the sterile bench.
Cells were harvested by centrifugation (3,400 g, 10 minutes). The supernatant was
discarded, and the cells were gently resuspended in calcium chloride buffer (5 ml) and were
combined in a single falcon tube (final volume of approx.10 ml). Cells were incubated on ice
for an additional 15 minutes and then harvested by centrifugation (3,400 g, 10 minutes). The
supernatant was discarded, and the cell pellet was gently resuspended in calcium chloride
buffer (4 ml). Cells were incubated on ice for 10 minutes before adding dimethylsulfoxide (140
µl). The cell suspension was gently mixed and rapidly distributed as aliquots (50 µl) into prechilled 1.5 ml Eppendorf tubes and flash-frozen by plunging into liquid nitrogen. Cells were
stored at -80 ºC until required.

6.2.7. Supercompetent cells
6.2.7.1. Buffers
Buffers were prepared according to the recipe in Table 6.1 and the pH was adjusted with
diluted acetic acid. Solutions were autoclaved at 121 ºC for 15 minutes. Buffers were stored
at 4 ºC until use.
Table 6.1. Recipe of supercompetent cells buffers.

Components

TFB I (mM)

TFB II (mM)

Rubidium chloride

100

10

Calcium chloride

10

75

Potassium acetate

30

-

Manganese chloride

50

-

-

10

5.8

6.5

3-Morpholinopropane1-sulfonic acid (MOPS)
pH
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6.2.7.2. Protocol
An aliquot of the cell strain (50 µM) was incubated in LB media (50 ml) overnight at 37 ºC in
the absence of antibiotics, except for XL1-Blue cells for which the media was supplemented
with tetracycline. An aliquot (1 ml) of the overnight culture was used to inoculate fresh LB
media (100 ml) and the resulting culture was grown at 37 ºC to until the optical density at 600
nm (OD600) reached 0.4 – 0.5 for cloning strains (XL1-Blue and DH5a), or 0.9 – 1.2 for
expression strains. Cells were chilled on ice for 15 to 30 minutes, and then distributed between
two sterile 50 ml flacon tubes at the sterile bench. Cells were harvested by centrifugation
(3,400 g, 10 minutes). The supernatant was discarded, and the cells were gently resuspended
in TFB I buffer (5 ml), and they were combined in a single falcon tube (final volume of approx.
10 ml). Cells were incubated on ice for an additional 15 minutes and then they were harvested
by centrifugation (3,400 g, 10 minutes). The supernatant was discarded, and the cell pellet
was gently resuspended in TFB II buffer (5 ml). The cell suspension was rapidly distributed in
aliquots (50 µl) into pre-chilled 1.5 ml Eppendorf tubes and plunge-frozen into liquid nitrogen.
Cells were stored in the -80 ºC freezer until required.

6.2.8. Gene sequences and plasmids
Some of the plasmids employed in this PhD research have been obtained from Dr. Yu-Hsuan
Tsai (PCC2RS/pUC, pKW1 plasmid, pCDF plasmid, (150TAG)-sfGFP/pBAD), others were
drawn from the plasmid library of Prof. Allemann (pETm11, TEV protease). mCherry was
purchased from AddGene in a pET30b(+) vector; and saporin and barnase were purchased
as gene sequences from GeneArt ThermoFisher Scientific. A complete list of all the plasmids,
both purchased and produced, can be found in Table 6.2.

136

Chapter 6. Materials and Methods
Table 6.2. List of all the plasmids used in this project.

Plasmid
number
Plasmid 1
Plasmid 2
Plasmid 3
Plasmid 4
Plasmid 5
Plasmid 6
Plasmid 7
Plasmid 8
Plasmid 9
Plasmid 10
Plasmid 11
Plasmid 12
Plasmid 13
Plasmid 14
Plasmid 15
Plasmid 16
Plasmid 17
Plasmid 18
Plasmid 19
Plasmid 20
Plasmid 21
Plasmid 22
a

Gene
(144TAG)-mCh-intein-erry-Hisx6
(144Cys)-mCh-intein-erry-Hisx6
Hisx6-(144Cys)-mCh-intein
His6x-(150 TAG)-sfGFP
PCC2RS
PCC2RS
3xPCC2RS
3xPylRS
(144Cys)-mCh-intein-erry-R8-TEV-Hisx6
(144Cys)-mCh-intein-erry-TAT-TEV-Hisx6
(144Cys)-mCh-intein-erry-HA2-TAT-TEV-Hisx6
(144Cys)-mCh-intein-erry-cTAT-TEV-Hisx6
(144Cys)-mCh-intein-erry-HA2-cTAT-TEV-Hisx6
(144Cys)-mCh-intein-erry-cTAT-GWWG-TEVHisx6
Pept-(144Cys)-mCh-intein-erry-cTAT-TEVHisx6
C-MYC-(144Cys)-mCh-intein-erry-cTATGWWG-TEV-Hisx6
(144TAG)-mCh-intein-erry-Hisx6
(144TAG)-mCh-intein-erry-cTAT-GWWG-TEVHisx6
(144TAG)-mCh-intein-erry-HA2-cTAT-TEVHisx6
(148TAG)-Sap-intein-orin-HA2-cTAT-TEV-Hisx6
(39TAG)-Barn-intein-ase-HA2-cTAT-TEV-Hisx6
(207TAG)-Sap-intein-orin-HA2-cTAT-TEV-Hisx6

pET30b(+)
pET30b(+)
pET19b
pCX
pUC
pKW1
pCDF
pCDF
pET30b(+)
pET30b(+)
pET30b(+)
pET30b(+)
pET30b(+)
pET30b(+)

Antibiotic
resistance
Kana
Kan
Ampb
Kan
Amp
Spectc
Spect
Spect
Kan
Kan
Kan
Kan
Kan
Kan

pET30b(+)

Kan

pET30b(+)

Kan

pET30b(+)
pET30b(+)

Kan
Kan

pET30b(+)

Kan

pET30b(+)
pET30b(+)
pET30b(+)

Kan
Kan
Kan

Vector

Kan = kanamycin. bAmp = ampicillin. cSpect = spectinomycin.

The sequences of the genes of interest in this project: mCherry, saporin, barnase and the
orthogonal tRNA synthetase; are found in the below in Table 6.3. The gene and protein
sequences of CPP sequences cloned in mCherry can be found in Table 6.4.
Table 6.3. Gene sequences of proteins employed in the project.

mChPurchased from AddGene
(144TAG)- Cloning sites: NdeI-XhoI
int-erry/
CATATGGTTAGCAAAGGCGAGGAAGACAATATGGCGATCATCAAGGAGTTTAT
pET30b

GCGTTTCAAGGTTCACATGGAGGGCAGCGTTAATGGCCACGAGTTCGAAATCG
AGGGTGAAGGTGAAGGTCGTCCGTACGAGGGTACCCAGACCGCGAAGCTGAA
AGTTACCAAGGGTGGCCCGCTGCCGTTTGCGTGGGATATCCTGAGCCCGCAA
TTTATGTACGGCAGCAAGGCGTATGTTAAACACCCGGCGGACATTCCGGATTA
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CCTGAAACTGAGCTTCCCGGAGGGTTTTAACTGGGAACGTGTGATGAACTTTG
AGGATGGTGGCGTGGTTACCGTTACCCAGGACAGCAGCCTGCAAGATGGTGA
ATTCATCTATAAGGTGAAACTGCGTGGCACCAACTTTCCGAGCGACGGTCCGG
TTATGCAATAGCTGAGCTACGAAACCGAGATTCTGACCGTGGAATATGGCCTG
CTGCCGATCGGCAAGATTGTTGAGAAACGTATCGAATGCACCGTGTACAGCGT
TGACAACAACGGCAACATTTATACCCAGCCGGTGGCGCAATGGCACGATCGT
GGCGAACAAGAGGTTTTCGAGTACTGCCTGGAAGACGGTAGCCTGATCCGTG
CGACCAAGGACCACAAATTCATGACCGTGGATGGTCAGATGCTGCCGATCGA
CGAGATTTTTGAACGTGAGCTGGACCTGATGCGTGTTGATAACCTGCCGAACA
TCAAGATTGCGACCCGTAAGTACCTGGGCAAACAGAACGTGTATGACATCGGT
GTTGAACGTGATCACAACTTCGCGCTGAAAAACGGCTTTATTGCGAGCAACTG
CATGACCATGGGTTGGGAGGCGAGCACCGAACGTATGTACCCGGAGGATGGC
GCGCTGAAGGGTGAAATCAAACAGCGTCTGAAGCTGAAAGACGGTGGCCACT
ACGATGCGGAAGTGAAGACCACCTATAAAGCGAAGAAACCGGTGCAACTGCC
GGGTGCGTATAACGTTGACATCAAGCTGGATATTCTGAGCCACAACGAAGACT
ACACCATTGTTGAACAGTATGAGCGTGCGGAAGGTCGCCATAGCACCGGCGG
CATGGACGAACTGTATAAGCATCATCATCATCATCACTGACTCGAG

PCC2RS/

Obtained from Dr. Yu-Hsuan Tsai

pUC

ATGATGGATAAAAAACCGCTGGATGTGCTGATTAGCGCGACCGGCCTGTGGAT
GAGCCGTACCGGCACCCTGCATAAAATCAAACATCATGAAGTGAGCCGCAGCA
AAATCTATATTGAAATGGCGTGCGGCGATCATCTGGTGGTGAACAACAGCCGT
AGCTGCCGTACCGCGCGTGCGTTTCGTCATCATAAATACCGCAAAACCTGCAA
ACGTTGCCGTGTGAGCGATGAAGATATCAACAACTTTCTGACCCGTAGCACCG
AAAGCAAAAACAGCGTGAAAGTGCGTGTGGTGAGCGCGCCGAAAGTGAAAAA
AGCGATGCCGAAAAGCGTGAGCCGTGCGCCGAAACCGCTGGAAAATAGCGTG
AGCGCGAAAGCGAGCACCAACACCAGCCGTAGCGTTCCGAGCCCGGCGAAAA
GCACCCCGAACAGCAGCGTTCCGGCGTCTGCGCCGGCACCGAGCCTGACCC
GCAGCCAGCTGGATCGTGTGGAAGCGCTGCTGTCTCCGGAAGATAAAATTAG
CCTGAACATGGCGAAACCGTTTCGTGAACTGGAACCGGAACTGGTGACCCGT
CGTAAAAACGATTTTCAGCGCCTGTATACCAACGATCGTGAAGATTATCTGGG
CAAACTGGAACGTGATATCACCAAATTTTTTGTGGATCGCGGCTTTCTGGAAAT
TAAAAGCCCGATTCTGATTCCGGCGGAATATGTGGAACGTATGGGCATTAACA
ACGACACCGAACTGAGCAAACAAATTTTCCGCGTGGATAAAAACCTGTGCCTG
CGTCCGATGCTGGCCCCGACCCTGTATAACTATCTGCGTAAACTGGATCGTAT
TCTGCCGGGTCCGATCAAAATTTTTGAAGTGGGCCCGTGCTATCGCAAAGAAA
GCGATGGCAAAGAACACCTGGAAGAATTCACCATGGTTCAGTTTGCGCAAATG
GGCAGCGGCTGCACCCGTGAAAACCTGGAAGCGCTGATCAAGGAATTCCTGG
ATTATCTGGAAATCGACTTCGAAATTGTGGGCGATAGCTGCATGGTGTATGGC
GATACCCTGGATATTATGCATGGCGATCTGGAACTGAGCAGCGCGATGGTGG
GTCCGGTTAGCCTGGATCGTGAATGGGGCATTGATAAACCGTGGATTGGCGC
GGGGTTTGGCCTGGAACGTCTGCTGAAAGTGATGCATGGCTTCAAAAACATTA
AACGTGCGAGCCGTAGCGAAAGCTACTATAACGGCATTAGCACGAACCTG
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SapPurchased from GeneArt ThermoFisher Scientific
(148TAG)- Cloning sites: BsaI-BsaI
int-orin
CATTGGTCTCTTATGGTTACCAGCATTACCCTGGATCTGGTTAATCCGACCGCA
GGTCAGTATAGCAGCTTTGTTGATAAAATTCGCAACAACGTGAAAGACCCGAAT
CTGAAATATGGTGGCACCGATATTGCAGTTATTGGTCCGCCTAGCAAAGAAAA
ATTTCTGCGCATTAACTTTCAGAGCAGCCGTGGCACCGTTAGCCTGGGTCTGA
AACGTGATAATCTGTATGTTGTTGCATATCTGGCCATGGATAATACCAATGTTA
ATCGTGCCTATTATTTCCGCAGCGAAATTACCAGCGCAGAACTGACCGCACTG
TTTCCGGAAGCAACCACCGCAAATCAGAAAGCACTGGAATATACCGAAGATTA
TCAGAGCATTGAAAAGAACGCACAGATTACCCAGGGTGATCAGAGCCGTAAAG
AATTAGGTCTGGGTATTGATCTGCTGTGACTGAGCTATGAAACCGAAATTCTGA
CCGTTGAATATGGTCTGCTGCCGATTGGTAAAATTGTGGAAAAACGTATTGAGT
GCACCGTGTATAGCGTGGATAATAACGGTAACATTTATACCCAGCCGGTTGCA
CAGTGGCATGATCGTGGTGAACAAGAAGTTTTTGAATACTGTCTGGAAGATGG
TAGCCTGATTCGTGCAACCAAAGATCACAAATTTATGACCGTGGATGGTCAGAT
GCTGCCCATTGATGAAATTTTTGAACGTGAACTGGATCTGATGCGTGTGGATAA
TCTGCCGAATATCAAAATTGCGACCCGTAAATATCTGGGCAAACAGAACGTTTA
TGATATTGGTGTGGAACGCGATCATAACTTTGCACTGAAAAATGGTTTTATCGC
CAGCAATTGTACCAGCATGGAAGCCGTTAACAAAAAAGCACGTGTTGTTAAAG
ATGAAGCCCGTTTTCTGCTGATTGCAATTCAGATGACCGCAGAAGCAGCACGT
TTTCGTTATATTCAGAATCTGGTGATCAAGAACTTCCCGAACAAATTCAACAGC
GAGAACAAAGTGATTCAGTTTGAGGTCAACTGGAAAAAAATCAGCACCGCCAT
TTATGGTGATGCCAAAAATGGTGTGTTCAACAAAGATTATGATTTTGGCTTTGG
TAAAGTGCGCCAGGTTAAAGATCTGCAAATGGGTCTGCTGATGTATCTGGGTA
AACCGAAAGAGAAGAGACCTTAC

Barn(39TAG)int-ase

Purchased from GeneArt ThermoFisher Scientific
Cloning sites: BsaI-BsaI
CATTGGTCTCTTATGGCACAGGTGATTAATACCTTTGATGGTGTTGCCGATTAT
CTGCAGACCTATCATAAACTGCCGGATAACTATATCACCAAAAGCGAAGCACA
GGCATTAGGTTGGGTTGCATAGCTGAGCTATGAAACCGAAATTCTGACCGTTG
AATATGGTCTGCTGCCGATTGGTAAAATTGTGGAAAAACGTATTGAGTGCACC
GTGTATAGCGTGGATAATAACGGTAACATTTATACCCAGCCGGTTGCACAGTG
GCATGATCGTGGTGAACAAGAAGTTTTTGAATACTGTCTGGAAGATGGTAGCC
TGATTCGTGCAACCAAAGATCACAAATTTATGACCGTGGATGGTCAGATGCTG
CCCATTGATGAAATTTTTGAACGTGAACTGGATCTGATGCGTGTTGATAATCTG
CCGAATATCAAAATTGCGACCCGTAAATATCTGGGCAAACAGAACGTGTATGAT
ATTGGTGTGGAACGCGATCATAATTTCGCACTGAAAAATGGTTTTATCGCCAGC
AATTGCAAAGGTAATCTGGCAGATGTTGCACCGGGTAAAAGCATTGGTGGTGA
TATCTTTAGCAATCGCGAAGGTAAACTGCCTGGTAAAAGCGGTCGTACCTGGC
GTGAAGCAGATATCAATTATACCAGCGGTTTTCGTAATAGCGATCGCATTCTGT
ATAGCAGCGATTGGCTGATCTATAAAACCACCGATCATTATCAGACCTTCACCA
AAATTCGCGAGAAGAGACCTTAC
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Table 6.4. Gene and protein sequences of the CPPs.

R8

TAT

HA2TAT

DNA
Protein
DNA
Protein
DNA
Protein

cTAT

HA2cTAT

DNA
Protein
DNA
Protein

cTATGWWG

N’ PeptC’ -cTAT

DNA
Protein
DNA
Protein

C-MYC

DNA
Protein

CGTCGCCGTCGCCGTCGCCGTCGC
RRRRRRRR
GGTCGTAAAAAACGTCGTCAGCGTCGTCGT
GRKKRRQRRR
GGTGATATTATGGGTGAATGGGGTAATGAAATCTTTGGTGCGA
TGCCGGTTTTCTGGGTTACGGTCGTAAAAAACGTCGTCAGCGT
CGCGT
GDIMGEWGNEIFGAIAGFLGYGRKKRRQRRR
TGCTACGGTCGTAAAAAACGTCGTCAGCGTCGTCGTTGC
CYGRKKRRQRRRC
GGTGATATTATGGGTGAATGGGGTAATGAAATCTTTGGTGCGA
TTGCCGGTTTTCTGGGTTACTGCTACGGTCGTAAAAAACGTCG
TCAGCGTCGTCGTTGC
GDIMGEWGNEIFGAIAGFLGYCYGRKKRRQRRRC
TGCTACGGTCGTAAAAAACGTCGTCAGCGTCGTCGTTGCGGC
TGGTGGGGC
CYGRKKRRQRRRCGWWG
N’ ATCTGGCTGACAGCCCTTAAGTTCTTAGGTAAACATGCTGC
AAAACATGAAGCCAAACAACAACTGTCAAAATTG
C’ TGCTACGGTCGTAAAAAACGTCGTCAGCGTCGTCGTTGC
N’ IWLTALKFLGKHAAKHEAKQQLSKL
C’ CYGRKKRRQRRRC
GAGCAAAAATTAATTTCTGAGGAAGATCTG
EQKLISEEDL

6.2.9. Cloning and plasmid generation
6.2.9.1. General PCR and SDM recipes and programs
Several polymerase chain reactions (PCR) were performed on a parental gene or plasmids
during cloning. Site-directed mutagenesis (SDM) was performed using the same cycle criteria
as for PCR reactions. There were three different thermocyclers available in the laboratory and
they were used interchangeably: Biometra Thermocycler T-Gradient Thermoblock, Eppendorf
Mastercycler EP Gradient S thermocycler and Techne Flexigene Thermal Cycler FFG02FSD.
Two thermophilic polymerases were used: Pfu and PrimeSTAR. The reaction mixture for Pfu
contained the following:
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Table 6.5. PCR mixture for Pfu polymerase.

Reaction components
DNA template (100 ng/µl)
Primer FWDa (10 ng/µl)
Primer REVb (10 ng/µl)
10x Buffer (incl. Mg2+)
dNTPc
DMSOd
Pfu polymerase
Deionised H2O (diH2O)

V (µl)
1
5
5
5
1
0-2e
0.5
Up to 50*

a

FWD = forward (5’ to 3’). b REV = reverse (3’ to 5’). c dNTP = deoxyribose nucleotide triphosphate. d DMSO =
dimethyl sulfoxide. e DMSO was added to reduce mispriming for long primers, the volume added depended on
the reaction. * Final reaction volume of 50 µl.

PrimeSTAR was purchased individually and also as a 2x Master Mix:
Table 6.6. PCR mixture for PrimeSTAR polymerase.

Reaction components
DNA template (100 ng/µl)
Primer FWDa (10 ng/µl)
Primer REVb (10 ng/µl)
5x Buffer (incl. Mg2+)
dNTPc
DMSOd
PrimeSTAR polymerase
Master mixf
diH2O

V (µl)
1
5
5
10
1
0-2e
0.5
Up to 50*

Master Mix
V (µl)
1
5
5
0-2
25
Up to 50*

a

FWD = forward (5’ to 3’). b REV = reverse (3’ to 5’). c dNTP = deoxyribose nucleotide triphosphate. d DMSO =
dimethyl sulfoxide. e DMSO is added to avoid mispriming for long primers, volume added depends on the
reaction. f Master mix contains dNTPs and the polymerase in the appropriate buffer with MgSO4. * Final reaction
volume of 50 µl. Volume of diH2O depends on the volume of the reactants.

The thermocycler program employed was as follows:
Table 6.7. PCR conditions.

Step
Initial denaturing
Denaturing
Annealing
Extending
Final extension
a

Temperature
(º C)
98
98
55 – 62a
72
72

Time (s)
10
10
5
60 per 1 kbpb
600

Number of
cycles
1
33
1

b

Annealing temperature depends on the primers Tm to the plasmid. Extension time depends on the size of the
desired PCR product, around 60 seconds per 1 kbp (kilo base pair).
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The result of the PCR reaction was always digested with DpnI (0.5 µl) for 15 minutes at 37
ºC to eliminate the parental plasmid from the mixture. No further purification was performed
for SDM applications, and 5 µl of the reaction mixture was used to transform XL1-Blue cells.
For assembly applications, DNA was purified by gel extraction from a 1% agarose gel.

6.2.9.2. General criteria for primer design
Oligonucleotide primers were designed following the next criteria when possible:
(a) Primers should not be longer than 60 base pairs (bp). Ideally designed primers were
35-45 bp-long
(b) Primers should contain at least 15 consecutive base pairs matching the plasmid to be
amplified in the first cycle. Primers for SDM should contain the mutation in the centre
of the primer and contain ideally 2 bp mismatch.
(c) The melting temperature, Tm, should be lower than 72 ºC, ideally 55 to 62 ºC.
(d) Primers should begin and terminate with two consecutive G or C, and ideally have a
GC content of 40 to 60 %. However, there should be no more than 3 G or C in the first
5 and last 5 bp.
Primers were analysed in the online software Benchling (https://benchling.com) to check
Tm, primer length, mispriming and primer secondary structures.

6.2.9.3. Agarose gel
Tris-acetate EDTA buffer (TAE, 50x) was prepared by mixing Tris-base (242 g), glacial acetic
acid (57.1 ml) and EDTA solution (10 ml, 0.5 mM, pH 8.0) in deionised water (diH2O, 1 L).
TAE buffer (1x) was prepared by diluting 50x of TAE (20 ml) in diH2O (1 L). Agarose gels were
prepared by suspending agarose (1 g) in TAE buffer (1x, 100 ml) in a conical flask and heating
in a microwave until boiling. SYBR Safe dye (5 µl) was then added to the mixture to allow gel
imaging and DNA extraction with blue light. The solution was then poured into a gel casting
tray (Bio-Rad Sub Cell GT Mini) and was left to set for 30 minutes at room temperature. Gels
were then submerged in 1x TAE buffer in the gel tank (Bio-Rad) before loading the samples.
DNA ladder (Melford), 10 kbp or/and 3 kbp, was loaded in the gel as reference. FastDigest
Green buffer (x10, ThermoFisher Scientific) was added to the DNA samples (1 µl per 10 µl of
sample) and they were loaded into the gel. Gels were run at 100 V for 40 minutes to obtain
good separation, then imaged using a ChemiDoc Gel Imaging System (Bio-Rad).
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6.2.9.4. Gel extraction
Bands of interest were cut from the gel with a scalpel and transferred to a weighted 1.5 ml
Eppendorf microcentrifuge tube. Gel slices were dissolved in QG buffer (300 µl/100 µg gel)
and incubated at 50 ºC for 10 minutes. Tubes were inverted periodically for better result. PE
buffer (100 µl/100 µg gel) was added and mixed by inverting the tube several times. The
mixture was applied to a Qiagen Spin Miniprep Column. Columns were spun down at 16,110
g for 60 seconds in an Eppendorf benchtop microcentrifuge. The flow-through (FT) was
discarded and column was washed with 750 µl PE buffer and spun down for 60 s. The FT was
again discarded, and columns were spun down for 60 s to completely remove PE buffer. The
column was loaded on top of a new 1.5 ml microcentrifuge tube and autoclaved diH2O (50 µl)
was loaded on top of the column membrane. Columns were spun for 60 s to obtain the purified
DNA. DNA concentrations were determined by absorbance at 260 nm using a Nanodrop 1000
UV Visible spectrophotometer (ThermoFisher Scientific).
Table 6.8. Recipe of Qiagen DNA purification buffers.

QG

P1

P2

N3

PE

20 mM Tris-HCl

50 mM Tris-HCl

200 mM NaOH

0.9 M KOAc

10 mM Tris-HCl

5.5 M guanidine
thiocyanate

10 mM EDTA

1% SDS

4.2 M guanidine
hydrochloride

80% ethanol

-

RNase A
100 µg/ml

-

-

-

pH 6.6

pH 8.0

-

pH 4.8

pH 7.5

6.2.9.5. Gibson assembly (GA)
Gibson assembly (Figure 6.1) relies on an exonuclease that cuts approximately 20 bp (base
pairs) in the 5’ to 3’ direction yielding a sticky end. 20 bp of the 5’ end of one of the sections
is required to be complementary to the 3’ of the next section. This yields two complementary
sticky ends that can anneal and be a substrate for a ligase.137 Purified PCR products were
mixed in 1:1 or 2:1 ratio to achieve a final volume of 2.5 µl and were added to the Gibson
assembly master mix (2.5 µl). If final concentration of DNA of any of the fragments in the
reaction mixture was lower than 20 ng, the reaction was scaled up. Reactions were incubated
at 50 ºC for 1 hour, and then used directly to transform XL1-Blue cells.
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Figure 6.1. Gibson assembly: exonuclease cuts in the 5’ to 3’ direction creating a 20 bp-long sticky
end. 5’ end of one segment is complementary to the 3’ end of the next. A ligase joins segments and
fixes DNA nicks.

6.2.9.6. Golden Gate assembly (GG)
Golden Gate assembly (Figure 6.2) relies on BsaI, a type IIS restriction enzyme that cuts
DNA up-stream from the recognition site (shown in grey), leading to a 4 bp sticky end.
Complementarity of these 4 bp between the 5’ end of one fragment and the 3’ end of the other
allows T4 ligase to join the segments with the absence of the BsaI recognition sequence in
the product driving the ligation/digestion equilibrium towards the desired product.138
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Figure 6.2. Golden Gate assembly: BsaI cuts DNA up-stream from its recognition site (shown in grey)
creating a 4 bp-long sticky end. T4 Ligase connects complimentary DNA fragments and fixes DNA
nicks.

Reaction mixtures were incubated for 1 hour at 37 ºC. Enzymes were inactivated for 5
minutes at first 50 ºC, and then 80 ºC before using the reaction mixture to transform XL1-Blue
cells. Reaction mixtures for assembly contained the following:
Table 6.9. Golden Gate reaction mixture.

Reaction components

V (µl)

DNA segment 1 (100 ng/µl)

1

DNA segment 2 (100 ng/µl)

1

BsaI
BsaI 10x Buffer (incl. Mg2+)

0.5
1

T4 ligase

0.5

BSAa (x100)

0.5

diH2O

Up to 10*

a

BSA = Bovine serum albumin. * Final reaction volume of 10 µl. Volume of diH2O depends on the concentration
of the DNA fragments.
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6.2.9.7. Plasmid generation
Plasmids were generated following the protocols explained above. The primers employed and
any different condition are detailed bellow.
6.2.9.7.1. Site-directed mutagenesis (SDM)
The amber codon (TAG) from Plasmid 1 was mutated into a cysteine to generate Plasmid 2
by site-directed mutagenesis (SDM) using the non-overlapping primers shown in the table
below. Successful mutation was confirmed by sequencing from the T7 promoter sequence.
Primers
TAG144C
SDM

Sequence (5’ à 3’)
FWD ATCTCGGTTTCGTAGCTCAGGCATTGCATAACCGGACCGTCGCTC
REV CTGAGCTACGAA ACCGAGATTCTGAC

6.2.9.7.2. Cloning of PCC2RS(x3) synthetase
Plasmid 7, containing three copies of PCC2RS synthetase (specific for photocaged-cysteine,
sequence in Table 6.3), was produced by Golden Gate assembly using the backbone from a
pCDF vector. The synthetase and pCDF vector plasmid were amplified from two plasmids
received by Dr Yu-Hsuan Tsai (PCC2RS/pKW1 and 3xPylRS_PyltRNA/pCDF). pCDF was
amplified by PCR to generate matching sites (CTGC and GCGT) and BsaI cut sites for Golden
Gate assembly. The three inserts were generated by amplifying the plasmid PCC2RS/pKW1
by PCR three times with different set of primers, incorporating different matching sites (GACG
and TAGG, ATCC and AGGA, TCCT and CGCA) as shown below. PCR products were gelextracted and mixed in a 3:1:1:1 ratio with BsaI and T4 ligase for Golden Gate assembly at
37°C for 1 hour. DNA products were used directly to transform XL1-Blue cells. The insert
sequence was confirmed by sequencing from the T7 promoter and termination sequences.
Primers
Backbone
Insert 1
Insert 2
Insert 3

FWD
REV
FWD
REV
FWD
REV
FWD
REV

Sequence (5’ à 3’)
CTCGCAAGGTCTCGGCTGCCGGCACCTGTCCT
CTCGCAAGGTCTCGCGAGGATCCTG GCTGTGG
CTCGCAAGGTCTCGCTCGGGAGGATCCTCGGGAGTTGTC
CTCGCAAGGTCTCGTGCGG CGTGAACGCCTTA
CTCGCAAGGTCTCGCGCATCCGGATCCTCGGGGAGTTGTC
CTCGCAAGGTCTCGAGGATCCGGATGCGGGCGTGAACGCC
CTCGCAAGGTCTCGTCCT CGGGAGTTGTCAGCCTGT
CTCGCAAGGTCTCGCAGCGGATGCGGCGTGAACGCC

6.2.9.7.3. Cloning of mCherry-CPPs
mCh-DnaE-erry-CPP-TEV-His6 (sequences in Table 6.4) were obtained by different assembly
methods after PCR amplification of Plasmid 2. R8-TEV was inserted into the plasmid by using
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two PCR amplifications to produce overhangs corresponding to the desired sequence to be
incorporated. The final PCR product was circularised after gel extraction by Gibson assembly
at 50°C for 1 hour. The desired sequence was confirmed by sequencing from the T7
termination site.
Primers
R8-TEV

st

1
PCR
2nd
PCR

Sequence (5’ à 3’)
FWD CGACGGCGACGGCGACGCTTATACAGTTCGTCCATGC
REV CGAGAATCTTTATTTTCAGGGCCACCACCACCACCACCACTG
FWD GATTCTCGCGACGGCGACGGCGACGGCGACGC
REV CGCCGTCGCCGTCGCGAGAATCTTTATTTTCAGG

HA2-TAT-TEV was introduced into plasmid 2 by Golden Gate assembly. The desired
insert was amplified by PCR with primers that created extensions containing sequences
matching the vector and the BsaI cutting sites (TCCC and CACT). The plasmid was amplified
by PCR with overhangs containing sequences that after BsaI digestion matched the insert
(AGGG and GTGA). Both PCR products were gel-extracted and mixed in a 2:1 ratio
(plasmid:insert) with BsaI and T4 ligase for Golden Gate assembly at 37°C for 1 hour. The
desired sequence was confirmed by sequencing from the T7 termination site.
Primers
HA2-TATTEV

Sequence (5’ à 3’)
FWD CCACCTTGGTCTCGAGGGTGATATTATGGGTGAATGGG
GTAATG
Insert
REV CCACCTTGGTCTCGTCACGACGACGCTGACGACGTTTT
TT
Back- FWD CACCTTGGTCTCGGTGAGAATCTTTATTTTCAGGGCCAC
bone CACC
REV CCACCTTGGTCTCGCCCTTATACAGTTCGTCCATGCCGC

TAT-TEV and cTAT-TEV CPPs were incorporated into plasmid 2 by Golden Gate
assembly. Acceptor vectors were first prepared for both CPPs by PCR amplification with
overhanging primers containing the CPPs at the C-terminus and NcoI sites at either end. The
PCR products were digested with NcoI and ligated to circularise the plasmid to generate
plasmids containing the desired CPPs next to BsaI cutting sites (ATAC and GAGA) flanking
a sacrificial sequence. Primers containing sequences matching the BsaI cutting sites (TATG
and CTCT) were used to amplify the mCherry insert. The PCR product was gel-extracted and
mixed in a 1:1 ratio with the acceptor vector and BsaI and T4 ligase for Golden Gate assembly
at 37 °C for 1 hour. The assembly product was used to transform XL1-Blue cells. Successful
construction was confirmed by sequencing from the T7 termination site.
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Primers
Acceptor
vector
TAT
Acceptor
vector
cTAT
mCherry
insert

Sequence (5’ à 3’)
FWD CGAGACCCATGGGGTCTCAGAGAATGGTCGTAAAAAACGTCGTC
AGC
REV GAGACCCCATGGGTCTCGCATATGTATATCTCCTTCTTAAAGTTA
AAC
FWD 1st GACCCATGGGGTCTCAGAGAATTGCTACGGTCGTAAAAAAC
GTCGTCAGCGTCG
2nd CGGTCGTAAAAAACGTCGTCAGCGTCGTCGTTGCGAGAATCT
TTATTTTCAGGG
REV Same as TAT
FWD CATGGGGTCTCATATGGTTAGCAAAGGCGAGGAAGACAATATGG
REV AGTATGGGTCTCGTCTCCTTATACAGTTCGTCCATGC

HA2-cTAT was created by Golden Gate assembly. A plasmid encoding mCherry-cTAT was
used as template for the backbone, and the HA2 sequence was amplified from the plasmid
encoding mCherry-HA2-TAT. Primers introduced matching BsaI cutting sites for both
segments: ATGG and ACTG. PCR products were gel-extracted and mixed in a 1:1 ratio with
BsaI and T4 ligase for Golden Gate assembly. The reaction was incubated at 37°C for 1 hour
and was used to transform XL1-Blue cells. Correct assembly was confirmed by sequencing
from the T7 termination site.
Primers
HA2cTATTEV

Sequence (5’ à 3’)
FWD CGTTTGGGTCTCCATTGGTTAGCAAAGGCGAGGAAGAC
Insert
REV GCCGGTTTTCTGGGTTACTGCGAGACCCGAACA
FWD TGTTCGGGTCTCGACTGCTACGGTCGTAAAAAAC
BackREV ATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGATCT
bone
GGAGACCCAAACG

DNA encoding L17E m-lycotoxin peptide (75 bp) was incorporated into the N-terminal of a
plasmid encoding mCherry-cTAT by Gibson assembly. Two sets of primers for two
consecutive PCR reactions were designed. The first set included most of the peptide
sequence as overhangs and matched partially the Shine-Dalgarno sequence of the plasmid
and the N-terminal of mCherry. The PCR product was purified by gel extraction before the
second reaction. The primers for the second PCR incorporated overlapping overhangs for the
assembly. The PCR product was purified by gel extraction and it was mixed 1:1 with the
Gibson assembly MasterMix and incubated at 50 ºC for 1 hour before using the DNA directly
to transform XL1-Blue cells. Correct assembly was confirmed by sequencing from the T7
termination site.
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Primers
N’ pept
C’ cTAT

1st
PCR

2nd
PCR

Sequence (5’ à 3’)
FWD GCAAAACATGAAGCCAAACAACAACTGTCAAAATTGGTTAG
CAAAGGCGAGGAAGAC
REV GCTGTCAGCCAGATCATATGTATATCTCCTTCTTAAAGTTA
AACAAAATTATTTC
FWD CCTTAAGTTCTTAGGTAAACATGCTGCAAAACATGAAGCCA
AACAAC
REV GCATGTTTACCTAAGAACTTAAGGGCTGTCAGCCAGATCAT
ATGTATATC

DNA encoding the GWWG sequence (12 bp) was incorporated into a plasmid encoding
mCherry-cTAT by Gibson assembly. Primers were designed to contain an overhanging region
containing the sequence that encodes for GWWG and that overlap for the assembly. The PCR
product was purified by gel extraction and it was mixed 1:1 with the Gibson assembly
MasterMix and incubated at 50 ºC for 1 hour before transforming the mixture in XL1-Blue cells.
Gene sequence was confirmed by sequencing from the T7 termination sequence.
Primers
cTATGWWG

Sequence (5’ à 3’)
FWD GTCGTTGCGGCTGGTGGGGCGAGAATCTTTATTTTCAGGGCCAC
CAC
REV GCCCCACCAGCCGCAACGACGACGCTGACGAC

DNA encoding the C-MYC affinity tag (30 bp) was incorporated into the N-terminus of the
plasmid 14 by Gibson assembly. Primers were designed to create an overhanging region
containing a sequence that encoded C-MYC and an overlap with the other fragment. The PCR
product was purified by gel extraction and it was then mixed 1:1 with the Gibson assembly
MasterMix and incubated at 50 ºC for 1 hour before using the reaction mixture to transform
XL1-Blue cells. Correct assembly was confirmed by sequencing from the T7 promoter site.
Primers
N’ C-MYCC’ cTATGWWG

Sequence (5’ à 3’)
FWD GAGCAAAAATTAATTTCTGAGGAAGATCTGGTTAGCAAAGGCG
A
REV CAGATCTTCCTCAGAAATTAATTTTTGCTCCATATGTATATCTCC
TTC

6.2.9.7.4. Split mCh-intein-erry
Trans-splicing constructs were generated by PCR amplification of plasmid 2 to generate
complementary BsaI sites for Golden Gate assembly to expression vectors pETM11 for Cterminal construct and pET19 for N-terminal. Both of these vectors encode for a N-terminal
His6 affinity tag, and the pETM11 contained a TEV (Tobacco Etch Virus) cleavage site after
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the affinity tag. Overhangs of the BsaI sites for assembly in the N-terminal segment were:
TCAG and CATG, and for the C-terminal segment were: CATG and GGCC. PCR products
were purified by agarose gel and ligated by Golden Gate assembly. Correct assembly was
confirmed by sequencing from the T7 promoter site.
Primers
Hisx6mCh-int
/pET19

His6xTEV-interry
/pETm11

Sequence (5’ à 3’)
FWD GCCTATCGGTCTCCTCAGTTCGGCAGGTTATCAACACGC
ATC
Insert
REV GCCTATCGGTCTCCACATGGTTAGCAAAGGCGAGGAAG
ACAATATGG
FWD GCCTATCGGTCTCCATGTGGTGGTGGTGGTGGTGCATAT
GTATATCTCC
Backbone REV GCCTATCGGTCTCCCTGAGATCCGGCTGCTAACAAAGCC
CGAAAGG
FWD GTTGTGGGGTCTCCCCATCAAGATTGCGACCCGTAAGTA
CC
Insert
REV GTTGTGGGGTCTCCtaCTTATACAGTTCGTCCATGCCGCC
GGTGC
Back- FWD GTTGTGGGGTCTCGAGTAAGCGGCCGCACTCGAG
bone REV GTTGTGGGGTCTCGATGGCGCCCTGAAAATAAAGATTCT
CAG

6.2.9.7.5. Saporin
DNA encoding for saporin-S6 codon-optimised for expression in E. coli with flanking BsaI sites
at the 3’ and 5’ ends was purchased from ThermoFisher GeneArtTM as shown in Table 6.3.
The pET30b(+) expression plasmid with the -HA2-cTAT CPP sequence was amplified by PCR
to append complementary BsaI sites (same primers as for mCherry-HA2-cTAT backbone).
The PCR product was purified by gel extraction and mixed in a ratio of 2:1 plasmid/insert for
ligation by Golden Gate assembly. The reaction was incubated at 37 ºC for 1 hour using it to
transform XL1-Blue cells. Correct assembly was confirmed by sequencing from the T7
termination site.
Plasmid 20 was PCR amplified into three fragments with three sets of primers to relocate
the intein to the 207 position. The fragments contained a 20-bp overlapping for Gibson
assembly. The PCR products were purified by gel extraction and they were mixed 1:1:1 with
the Gibson assembly MasterMix and incubated at 50 ºC for 1 hour before using the DNA
directly to transform XL1-Blue cells. Correct assembly was confirmed by sequencing for the
T7 termination site.
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Primers
Backbone
Insert 1
Insert 2

FWD
REV
FWD
REV
FWD
REV

Sequence (5’ à 3’)
GCAATTGTTGGAAAAAAATCAGCACCGCCATTTATGGTG
CCATGCTGGTCAGCAGATCAATACCCAGACC
GGTATTGATCTGCTGACCAGCATGGAAGCCGTTAAC
GCTCAGTCAGTTGACCTCAAACTGAATCACTTTGTTCTCG
CAGTTTGAGGTCAACTGACTGAGCTATGAAACCGAAATTC
GCTGATTTTTTTCCAACAATTGCTGGCGATAAAACC

6.2.9.7.6. Barnase
DNA encoding for barnase codon-optimised for expression in E. coli with flanking BsaI sites
in 3’ and 5’ ends was purchased from ThermoFisher GeneArtTM as shown in Table 6.3. The
pET30b(+) expression plasmid with the -HA2-cTAT CPP sequence was amplified by PCR to
apprehend complementary BsaI sites (same primers as for mCherry-HA2-cTAT backbone).
The PCR product was purified by gel extraction and mixed in a ratio of 2:1 plasmid/insert for
ligation by Golden Gate assembly. The reaction was incubated at 37 ºC for 1 hour then used
to transform XL1-Blue cells. Correct assembly was confirmed by sequencing from the T7
termination site.

6.2.10. Single and double transformations of competent cells
Cells (50 µl) from the -80ºC were thawed on ice. Plasmids encoding the gene of interest were
mixed with cells (1 µl for plasmids of 100 ng/µL DNA concentration). One or two plasmids
were added for single or double transformations respectively. Double transformations require
supercompetent cells. The DNA was incubated with cells on ice for 30 minutes then heat
shocked in a 42 ºC water bath for 45 seconds before returning to ice. LB media (1 ml) was
added to cells in the sterile bench and the culture was shaken at 37 ºC for 1 hour. Cells were
centrifuged at 3,300 g for 60 seconds and the supernatant was removed. The cells were
resuspended in fresh LB media (100 µl) before the suspension was spread on agar plates
containing the corresponding antibiotic(s). The plate was then incubated overnight at 37 ºC.

6.2.11. Protein expression
A single colony from a plate was picked with a sterile pipette tip and used to inoculate LB
media (100 ml) containing the appropriate antibiotic. The culture was grown overnight in a
shaking incubator at 37 ºC, and it was then used to inoculate fresh LB-media (5 ml of culture
per 500 ml media). Culture was grown to OD600 of 0.6 before inducing gene transcription with
isopropyl-ß-D-1-thiogalactopyranoside (IPTG, 60 mg per 500 ml culture) and were shaken at
20 ºC overnight. Cells were harvested by centrifugation (3,400 g, 15 minutes) and pellets were
stored at -20 ºC.

151

Chapter 6. Materials and Methods

6.2.12. Incorporation of unnatural amino acids
6.2.12.1. Expression in BL21 (DE3) cells
A double transformed colony was picked with a sterile pipette tip and used to inoculate 100
ml of TB media (100 ml) containing spectinomycin (75 µg/ml) and kanamycin (50 µg/ml). The
culture was grown in a shaking incubator overnight at 37 ºC. The overnight culture was used
to inoculate fresh TB media containing the same antibiotics (5 ml of culture per 500 ml media).
The cell culture was grown to an OD600 of 0.4, then (ONB)-cysteine (1 mM, dissolved in 0.1 M
sodium hydroxide) was supplemented to the media. Cell culture was grown to an OD of 0.6
at 600 nm before inducing the gene transcription with IPTG (60 mg per 500 ml culture) and
incubated at 37 ºC for 4 hours. Cells were harvested by centrifugation at 4 ºC (3,400 g, 15
minutes) and cell pellets were stored at -20 ºC.

6.2.12.2. Expression in BL21 AI cells
A double transformed colony was picked with a sterile pipette tip and used to inoculate 100
ml of TB media (100 ml) containing spectinomycin (75 µg/ml) and kanamycin (50 µg/ml). The
culture was grown in a shaking incubator overnight at 37 ºC. The overnight culture was used
to inoculate fresh TB media containing the same antibiotics (5 ml of culture per 500 ml media).
The cell culture was grown to an OD600 of 0.4, then (ONB)-cysteine (1 mM, dissolved in 0.1 M
sodium hydroxide) was added to the media. Cell cultures were grown to an OD600 of 0.6 nm
before inducing the gene transcription encoding for T7 polymerase with L-arabinose (0.2%
w/v) and the gene transcription encoding for the construct with IPTG (60 mg per 500 ml
culture) and incubated overnight at 20 ºC. Cells were harvested by centrifugation at 4 ºC
(3,400 g, 15 minutes) and cell pellets were stored at -20 ºC.

6.2.13. Protein purification
6.2.13.1. Buffers
Recipes of buffers for purification and buffers used for experiments are found in Table 6.10.
Components were dissolved in deionised water (800 ml) and the pH was adjusted to the
appropriate value. Deionised water was then added to the solution up to a final volume of 1
litre.

152

Chapter 6. Materials and Methods
Table 6.10. Recipe of protein purification buffers.

1

Lysis buffer

Denaturing lysis
buffer

Ni-NTA elution
buffer

Splicing buffer

20 mM Tris-base

20 mM Tris-base

20 mM Tris-base

20 mM Tris-base

30 mM sodium
chloride

30 mM sodium
chloride

30 mM sodium
chloride

300 mM sodium
chloride

20 mM imidazole

8 M urea1

1 M imidazole

2 mM EDTA

pH 8.0

pH 8.0

pH 8.0

pH 7.3

Denaturing lysis buffer was prepared on the day of use to avoid urea decomposition.

6.2.13.2. Cell lysis
Cell pellets were thawed on ice before suspending them in ‘lysis buffer’, supplemented with
phenylmethylsulphonyl fluoride (PMSF, 1 mM) to inhibit proteases and prevent degradation
of the protein of interest. For proteins that remained as inclusion bodies (protein constructs
containing HA2 or lycotoxin peptides and all the photocaged proteins), ‘denaturing lysis buffer’
was used instead. Proteins were kept in ice or at 4 ºC during purification. Photocaged proteins
were kept in the dark at all times by covering the vessel with aluminium foil. Cells were lysed
by sonication with pulses of 5 seconds on (40% amplitude) and 10 seconds off for a total time
of 15 minutes. Cell debris was removed from the suspension by centrifugation at 4 ºC (38,000
g, 45 minutes).

6.2.13.3. Ni-NTA affinity chromatography
An Ni-NTA column was equilibrated in ‘lysis buffer’ or ‘denaturing lysis buffer’ before applying
the centrifugation supernatant and collecting the flow-through. Proteins of interest were
expected to bind to the column until elution. The column was then washed with 10 column
volumes (CV) of lysis buffer. Solutions were made up of the appropriate ‘elution buffer’
consisting of lysis buffer containing 60, 100, 300 and 500 mM concentrations of imidazole.
The column was washed with 5 CV of each solution for a stepwise purification. All fractions
were analysed by SDS-PAGE and those containing protein were combined for dialysis or for
refolding by removing urea in a gradient. This purification was performed in a room illuminated
with red dim light for the photocaged proteins.
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6.2.13.4. Protein refolding
Refolding of mCherry-CPP constructs was performed in an Amicon® system connected to a
nitrogen gas cylinder using a 13 kDa cut-off membrane at 4 ºC. Refolding of photocaged
protein constructs was performed in a 10 kDa VivaSpin centrifugal concentrator wrapped in
aluminium foil centrifuging at 4 ºC (20,800 g, 20 minutes). Proteins were refolded in stepwise
decreasing urea concentrations by concentrating the protein down to a 10% of the total initial
volume, and then adding a volume of ‘lysis buffer’ to restore the initial volume until the final
concentration of urea was lower than 0.5 M.

6.2.13.5. Dialysis
Dialysis was used to remove imidazole from the samples or to buffer-exchange the samples
into ‘splicing buffer’. Protein samples were combined in a dialysis tubing (MWCO 12-14 kDa)
and the tubing was submerged 3 to 4 litres of the desired buffer. The buffer solution was then
stirred overnight at 4 ºC. Photocaged proteins were dialysed in an aluminium foil wrapped
beaker with 1 litre of the appropriate buffer.

6.2.13.6. TEV cleavage
The poly-histidine tag was removed from all the proteins containing a CPP before use. Protein
solutions were supplemented with 1,4-dithiothreitol (DTT, 5 mM) and commercial Tobacco
Etch Virus (TEV) protease was added to the protein sample (1 mg protease per 100 mg
protein). Solutions were incubated overnight at 4 ºC for efficient cleavage. The TEV protease
itself contained a histidine tag to allow it to be removed from the protein by Ni-NTA
chromatography with the cleaved His-tag. Pure protein was therefore collected in the column
flow-through.

6.2.13.7. Preparation of biological samples
Samples for biological use were buffer-exchanged into DMEM media in VivaSpin centrifugal
concentrator (10 kDa) by centrifugation at 20,800 g for 40 minutes. The VivaSpin was wrapped
in aluminium foil for light-sensitive samples. Protein samples were concentrated to 10% of
their initial volume and diluted back to their initial volume with DMEM buffer. This process was
repeated three times to ensure quantitative buffer exchange.

154

Chapter 6. Materials and Methods

6.2.14. SDS-PAGE
Protein samples were analysed by sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Gels were cast and run using the Mini-PROTEAN system (Bio-Rad).

6.2.14.1. Gel casting
The recipes for buffers used to cast the gels are found in Table 6.11 below. The solutions
were prepared in advance and stored at room temperature for long periods of time with the
exception of 10% (w/v) APS which was freshly prepared.
Table 6.11. Gel casting buffers for SDS-PAGE (amount to make 2 gels).

Components
diH2O
1.5 M Tris-HCl (pH 8.0)
0.5 M Tris-HCl (pH 6.8)
Acrylamide/bis-acrylamide 30% (8% w/v)
SDSa 10% (w/v)
APSb 10% (w/v)
TEMEDc
a

Resolving (12%)
3.4 ml
2.5 ml
4 ml
100 µl
100 µl
20 µl

Stacking (5%)
2.85 ml
1.25 ml
0.85 ml
50 µl
50 µl
10 µl

SDS = sodium dodecylsulfate. b APS = ammonium persulfate. c TEMED = tetramethylethylenediamine.

Gel plates were held together in a casting gate to set the gels. Resolving gel mixture (12%)
was prepared in a Sterelin tube and poured between the gel plates, leaving around 2 cm
space at the top. Isopropanol (around 0.5 ml) was added on top to ensure the top to ensure
the gel was flat. The gel was left to polymerise for 20 minutes and then isopropanol was
removed. Stacking gel mixture (5%) was prepared in a Sterelin tube and poured on top of the
resolving gel. A comb (for 10 or for 15 samples) was submerged in the stacking solution
between the plates to create the wells for loading the samples. The gel was allowed to
polymerise for 20 minutes, then the comb was removed.

6.2.14.2. Sample preparation
SDS-PAGE loading dye (4X) was prepared in a Sterelin tube by mixing Tris-HCl solution (2
ml, 1 M, pH 6.8), SDS (0.8 g), glycerol (4 ml), bromophenol blue (10 µl of 10% w/v) and ßmercaptoethanol (4 ml). The solution was divided in 1 ml aliquots and stored at -20 ºC until
required. Protein samples were mixed with SDS-loading dye (4X) in a 3:1 ratio to a final
volume of 40 µl in microcentrifuge tubes. Samples were heated to 80 ºC for 5 minutes and
were centrifuged when necessary (pellet and lysate samples) in a benchtop microcentrifuge
(7,000 g, 5 minutes) before loading.
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6.2.14.3. Running protocol
Electrode running buffer (10x) was prepared by dissolving Tris-base (30.3 g), glycine (144 g)
and SDS (10 g) in deionised water (1 L). Gels were fitted into the running chamber filled with
1x electrode running buffer. Samples were loaded into the wells (maximum of 12.5 µl for 15
well gels and 20 µl for 10 well gels). Gels were run at 150 V for 1 hour. This buffer was diluted
1:10 in deionised water before use.

6.2.14.4. Visualisation
SDS gel stain was prepared by dissolving Coomassie Brilliant Blue R-250 (60 mg) in ethanol
(20 ml) and hydrochloric acid (2 ml, concentrated) and made up to 1 litre solution with distilled
water. Gels were gel stained for 5 minutes to reveal the protein bands then imaged in
ChemiDocTM XRS+ gel imager (Bio-Rad). The recipe of SDS gel stain for 1 litre solution in
distilled water is This stain does not require distaining.

6.2.15. Western Blotting
6.2.15.1. Buffers
Transfer buffer (1x) was prepared by 1:4 dilution of the commercial BioRad 4x transfer buffer
in deionised water. TBST buffer was prepared by dissolving Tris-base (25 mM) and sodium
chloride (150 mM) in deionised water (800 ml) and adjusting the pH to 7.6 with diluted
hydrochloric acid. Tween 20 (0.05% v/v) and deionised water were added to a final volume of
1 litre. The buffer was stored at 4 ºC. Blocking solution was prepared by dissolving powder
milk (5% w/v) into TBST buffer. Solution was stored at 4 ºC and needed to be prepared fresh
after 3 to 4 days.

6.2.15.2. Protocol
Western Blotting was performed directly after running the protein samples on an SDS-PAGE.
Before transferring the proteins from the polyacrylamide gel to a polyvinylidene difluoride
(PVDF) membrane, the PVDF membrane was activated by submersion in methanol until
translucent (approx. 12 s). Two gel stacks and the PVDF membrane were soaked in transfer
buffer (1x) for three minutes. One of the stacks was located on the Mini Trans-Blot®
Electrophoresis transfer cell (Bio-Rad), the PVDF was located on top, then the SDS-PAGE
gel and finally the other stack on top before closing the transfer cell and removing any excess
of transfer buffer. Proteins were transferred into the PVDF membrane at 25 V, 1.3 A for 10
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min. The membrane was shaken with blocking solution (20 ml) for 1 hour at room temperature
under shaking. The membrane was then washed in TBST buffer (3 x 15 ml, 5 min) and
incubated with the anti C-MYC conjugate probe (1:1000 in TBST buffer) overnight. PVDF
membrane was then washed in TBST (4 x 15 ml, 10 min). The membrane was incubated with
Clarity western enhanced chemiluminescence substrate (10 ml) for 5 minutes and the proteins
were readily visualised at 425 nm using a ChemiDocTM XRS+ gel imager (Bio-Rad).

6.2.16. Protein concentration
6.2.16.1. Absorbance spectroscopy
Protein concentrations for mCherry-CPP constructs were determined by absorbance at 610
nm using a Shimadzu 2600 spectrophotometer. Concentrations were calculated using the
Beer-Lambert law: 𝐴 = 𝜀 · 𝑙 · 𝐶 ; where the extinction coefficient (𝜀) of mCherry is 72,000 M1

·cm-1 and the path-length of the cuvette (𝑙) was 1 cm.

6.2.16.2. Bradford assay
Protein concentrations of colourless proteins was determined using Bradford assay.
6.2.16.2.1. Bradford reagent
Coomassie Brilliant Blue G250 (20 mg) was dissolved in ethanol (2 ml), and phosphoric acid
(80%, 20 ml) was added followed by distilled water to a final volume of 200 ml. The solution
was stored in the dark at 4 ºC until use. Reagent was filtered through a 0.2 µm Millex syringe
filter immediately prior to use.
6.2.16.2.2. Bradford assay
A sample of known concentration of bovine serum albumin (BSA, 1
mg/ml) in distilled water was used to prepare a series of dilutions in
deionised water of concentrations from 2 to 100 µg/ml in a final
volume of 200 µl. Bradford reagent (800 µl) was added to each
dilution and the absorbance from 400 to 600 nm was recorded using
a Shimadzu spectrophotometer. Three samples of different dilutions
of the unknown protein were then recorded. The ratio of absorbances at 590 nm and 450 nm
was calculated and the values for BSA were used to plot a standard curve over concentration.
Protein concentration was determined by fitting the absorbance ratios of unknown samples to
the standard curve.
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6.2.17. Fluorescence spectroscopy
6.2.17.1. Splicing kinetics
6.2.17.1.1. Irradiation
(ONB)-mCh-intein-erry (5 µM, in splicing buffer) was irradiated in a quartz cuvette (1 mm path
length) by 365 nm light from a UVP Benchtop 2UV transilluminator (~4 mW/cm2) for the
specified durations. The contents of the cuvette were then transferred to black 24-well plates
to measure fluorescence.
6.2.17.1.2. Fluorescence spectroscopy by plate reader
mCherry fluorescence was measured using a VICTOR X5 Multilabel Plate Reader
(PerkinElmer) using a 579/25 excitation filter and a 615/8.5 emission filter. Measurements
were taken every 5 minutes over 5 hours unless otherwise specified.
6.2.17.1.3. pH-dependent buffers
Buffers at pH 3 to 6: Citric acid (50 mM) and sodium chloride (300 mM) were dissolved in 200
ml deionised water. Glycerol (5 %) and DTT (5 mM) were added from pre-made stock
solutions (50 % and 500 mM respectively). Solution was split in four falcon tubes (45 ml) to
adjust the pH to the desired value with diluted hydrochloric acid (1 M) or sodium hydroxide
solution (1 M).
Buffers at pH 7 to 8: Tris-base (50 mM) and sodium chloride (300 mM) were dissolved in 100
ml deionised water. Glycerol (5 %) and DTT (5 mM) were added from pre-made stock
solutions (50 % and 500 mM respectively). Solution was split in two falcon tubes (45 ml) to
adjust the pH to the desired value with diluted hydrochloric acid (1 M).
6.2.17.1.4. Data analysis
Data analysis was performed in Microsoft Excel. Every measurement was performed in
triplicate unless otherwise specified. Plots show the average that was calculated by Equation
1:
?

1
𝑥̅ = > 𝑥(
𝑛
(@5

The error bars the plot corresponded to the standard deviation, which was calculated
according to equation 2:
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?

1
𝜎 = B >(𝑥( − 𝑥̅ )0
𝑛
(@5

Concentrations of mature mCherry were calculated from a calibration curve derived from
known concentrations of mCherry in splicing buffer following the equations bellow depending
of the final volume of the well:

𝟐𝟓𝟎 𝝁𝑳 → 𝑦 = 90151𝑥 + 1650.3
𝟐𝟎𝟎 𝝁𝑳 → 𝑦 = 72516𝑥 + 1100
𝟏𝟓𝟎 𝝁𝑳 → 53788𝑥 + 641.56
𝟏𝟎𝟎 𝝁𝑳 → 37184𝑥 + 640.4

6.2.17.2. Optical profiles
Samples were diluted to a final concentration of 5 nM in Tris-base (20 mM, pH 8.0), sodium
chloride (30 mM) buffer. Samples were transferred to a quartz cuvette for the measurement.
Excitation profiles were obtained by recording fluorescence emission at 610 nm with a range
of excitation wavelengths from 560 to 595 nm. Emission profiles were obtained by measuring
fluorescence emission at wavelengths from 595 nm to 645 nm at a constant excitation
wavelength of 585 nm. Data was plotted using Microsoft Excel.

6.2.18. Mass spectrometry
Protein mass spectra were recorded in Tris-base (20 mM, pH 8.0), sodium chloride (30 mM)
buffer using a Waters Synapt G2Si spectrometer.

6.3. CELL CULTURE METHODS
6.3.1. Cell culture
Human epithelial carcinoma cell line HeLa (ATCC) was cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Phenol Red, Fisher Scientific) at 37 ºC in a 5% CO2 atmosphere. DMEM
was supplemented with 10% inactivated fetal bovine serum (FBS, Fisher Scientific).
Passaging of cells was performed by trypsinisation (0.25% EDTA; Dulbecco, Fisher Scientific)
with 25 µl per 1.0 cm2 of growth area., incubating for 5 minutes for complete detachment of
the HeLa cells.

159

Chapter 6. Materials and Methods

6.3.2. Protein delivery procedure
Cells were plated to reach 70-80% confluency for the delivery experiments. Cells were split
into a 24-well plate (250,000 cells/well), into a 96-well plate (20,000 cells/well) or into an
imaging dish (270,000 cells/dish) and incubated overnight at 37 ºC (5% CO2).
The media was then removed, and each well was washed with PBS buffer (10 mM sodium
phosphate pH 7.4, 2 mM monopotassium phosphate, 140 mM sodium chloride, 3 mM
potassium chloride). Cells were incubated for 2 hours with protein samples (10 µM, unless
specified, 200 µl of sample for 24-well plate and for imaging dish, 50 µl sample for 96-well
plate) in DMEM (serum free), then the media was removed and cells were washed three times
with heparin sulfate solution (200 µl, 0.5 mg/ml of PBS) and once with PBS (200 µl).

6.3.3. Protein irradiation inside cells
DMEM (no Phenol Red or no serum) was added to the cells (200 µl of sample for 24-well plate
and for imaging dish, 50 µl sample for 96-well plate) and cells were illuminated for 10 minutes
with a 360 nm LED lamp (5 UV-LED strip unit, UV Light Technology Limited). Cells were then
incubated for additional 3 hours to allow splicing before FACS experiments.

6.3.4. Fluorescence-assisted cell sorting (FACS)
Cells were detached with trypsin (50 µl) for 5 minutes at 37 ºC. Cells were suspended in PBS
(450 µl) and transferred to a test tube for flow cytometry analysis. Data was recorded using a
S3e Cell Sorter (Bio-Rad) equipped with 488, 526 and 586 nm lasers. mCherry fluorescence
data was collected at 586/25 nm.
Data was analysed using ProSortTM Software (Bio-Rad). Gating was applied on a graph
plotting side scatter (SSC) vs forward scatter (FSC) to exclude dead cells and debris. A
minimum of 5,000 gated events (maximum of 10,000) were collected for each experiment.
Each experiment was performed in triplicate unless otherwise specified. Average and
standard deviations of the geometric mean were calculated using Equations 1 and 2, and
data was plotted using Microsoft Excel.

6.3.5. Cell viability assay
Cells were incubated in DMEM (100 µl, supplemented with serum, no phenol red) for the
specified times at 37 ºC after treatment with the protein constructs. Cells were incubated for
4 hours in the presence of Celltiter® Blue reagent (Promega, 20 µl in 100 µl DMEM, final
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volume of 120 µl). Fluorescence at 585 nm was measured on plate reader to determine cell
viability (as above). The fluorescence from control untreated cells was considered 100%
viability. A positive control for cell death was achieved by incubation with 0.01% Triton X-100
in DMEM. Data was analysed with Microsoft Excel and the average (Equation 1) and
standard deviation (Equation 2) of the triplicate data were plotted.

6.3.6. Confocal microscopy
Cells were cultured in imaging dishes (NuncTM Glass Bottom Dish, 12 mm) as described
above. After treatment with the protein samples and the washes as described above, cells
were incubated for 5 minutes in DMEM (with serum, no phenol red) supplemented with nuclear
stain Hoechst 33342 (10 µg/ml).
Cells were imaged with a Leica DMIRB wide field microscope, using a 63x water immersion
objective with environmental control to keep the cells at 37 ºC and CO2 levels to 5% throughout
the experiment. The nuclear stain was excited with a 405 nm laser at 15% intensity, and
mCherry was excited with a 543 nm laser at 40% intensity. Images were taken in Z-axis every
0.5 µm from bottom to top of the cell. Images were processed with Fiji (Freeware:
https://fiji.sc).
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Figure A1. 1H-NMR (300 MHz, CDCl3) of 3’,4’-(methylendioxy)-6’-nitroacetophenone (1a).
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Figure A2. 13C-NMR (75 MHz, CDCl3) of 3’,4’-(methylendioxy)-6’-nitroacetophenone (1a).
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Figure A3. 1H-NMR (300 MHz, CDCl3) of methylnitropiperonyl alcohol (1b).
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Figure A4. 13C-NMR (75 MHz, CDCl3) of methylnitropiperonyl alcohol (1b).
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Figure A5. 1H-NMR (300 MHz, CDCl3) of (R,S)-1-Bromo-1-[4’,5’-(methylendioxy)-2’-nitrophenyl]ethane
(1c).
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Figure A6. 13C-NMR (75 MHz, CDCl3) of (R,S)-1-Bromo-1-[4’,5’-(methylendioxy)-2’-nitrophenyl]ethane
(1c).
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Figure A7. 1H-NMR (400 MHz, CDCl3) of S-(1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl)-L-cysteine (1).
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Figure A8. 13C-NMR (125 MHz, CDCl3) of S-(1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl)-L-cysteine (1).
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Figure A9. HRMS (ESI -ve) of S-(1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl)-L-cysteine (1).
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Figure A10. 1H-NMR (300 MHz, DMSO-d6) of 4-bromoresorcinol (2b).
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Figure A13. HRMS (ESI -ve) of brominated hydroxycoumarin cysteine (2).
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II. ADDITIONAL PROTEIN CHARACTERISATION

XIV
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Figure A14. SDS-PAGE analysis of Ni-NTA purification of: (A) mCherry-R8, (B) mCherry-TAT, (C)
mCherry-HA2-TAT, (D) mCherry-cTAT, (E) mCherry-cTAT-GWWG, (F) C-MYC-mCherry-cTATGWWG, (G) pept-mCherry-cTAT and (H) mCherry-HA2-cTAT.
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Figure A15. Mass spectrometry (MS) of mCherry. Calculated mass: 27516.01 Da, calculated mass (M): 27384.82, found mass: 27383.00 Da. Chromophore formation leads to a loss of 20 Da.
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Figure A16. Mass spectrometry (MS) of mCherry-TAT. Calculated mass: 29109.90, found mass:
29109.0020 Da. Chromophore formation leads to a loss of 20 Da. The His-tag was cleaved with TEV
protease during purification, leading to a mass loss of 897.91 Da (-GHHHHHH).
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Figure A17. Mass spectrometry (MS) of mCherry-cTAT. Calculated mass (oxidised, circular): 29477.36
Da, calculated mass (reduced, linear): 29479.36 Da, found mass: 29476.0020 Da. Chromophore
formation leads to a loss of 20. The His-tag was cleaved with TEV protease during purification, leading
to a mass loss of 897.91 Da (-GHHHHHH).
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Figure A18. Mass spectrometry (MS) of (ONB)-mCh-intein-erry. Calculated mass: 43544.97 Da, found
mass: 43542.0039 Da.
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Figure A19. Mass spectrometry (MS) of (ONB)-mCh-intein-erry-cTAT-GWWG. Calculated mass
(oxidised, circular): 45992.84 Da, calculated mass (reduced, linear): 45994.84 Da, found mass:
45993.0000 Da.

XX

Appendix

III. ADDITIONAL IN VIVO RESULTS

XXI
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Figure A20. MS characterisation of photocaged intein-split mCherry before and after irradiation (and
overnight incubation at 37 ºC). (A) Total ion current (TIC) chromatogram of a sample of photocaged
protein pre-irradiation. (B) MS of main peak corresponds to photocaged full-length intein-split mCherry
(retention time: 27.80 min, calculated mass: 43544.97 Da, found mass: 43542.0039 Da). (C) TIC
chromatogram of 2-minute illuminated sample after overnight incubation at 37 ºC. The main peak from
pre-irradiated chromatogram is split into two, and smaller peaks appeared. Peaks that could be
identified are numbered 1 to 4. (D) MS corresponding to cleaved C-terminal mCherry (retention time:
16.90 min, calculated mass: 11564.94 Da, found mass: 11564.5010Da). (E) MS corresponding to nonmatured mCherry (retention time: 24.03 min, calculated mass: 27536.01 Da, found mass: 27535.5020
Da). (F) MS of decaged full-length intein-split mCherry (retention time: 27.31 min, calculated mass:
43350.97 Da, found mass: 43348.5039 Da). (G) MS of Npu DnaE intein (retention time: 27.67 min,
calculated mass: 15832.97 Da, found mass: 15832.0010 Da).
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IV.

VIDEO CAPTIONS

Video 1. mCherry uptake in HeLa cells. HeLa cells were incubated with mCherry (10 µM) in DMEM
(serum free) for 2 hours at 37 ºC. Cells were then washed three times with heparin (0.5 mg/mL) in PBS
buffer and once with PBS buffer. Cells were incubated with DMEM supplemented with 10% FBS and
Hoechst 33342 (10 µg/ml) for 5 minutes before imaging. Images of the middle of the cell every 5
seconds for 3 minutes to produce the video. Cell nuclei are shown in blue and mCherry is shown in red.
Video 2. mCherry-R8 uptake in HeLa cells. HeLa cells were incubated with mCherry-R8 (10 µM) in
DMEM (serum free) for 2 hours at 37 ºC. Cells were then washed three times with heparin (0.5 mg/mL)
in PBS buffer and once with PBS buffer. Cells were incubated with DMEM supplemented with 10%
FBS and Hoechst 33342 (10 µg/ml) for 5 minutes before imaging. Images of the middle of the cell every
5 seconds for 3 minutes to produce the video. Cell nuclei are shown in blue and mCherry is shown in
red.
Video 3. mCherry-TAT uptake in HeLa cells. HeLa cells were incubated with mCherry-TAT (10 µM) in
DMEM (serum free) for 2 hours at 37 ºC. Cells were then washed three times with heparin (0.5 mg/mL)
in PBS buffer and once with PBS buffer. Cells were incubated with DMEM supplemented with 10%
FBS and Hoechst 33342 (10 µg/ml) for 5 minutes before imaging. Images of the middle of the cell every
5 seconds for 3 minutes to produce the video. Cell nuclei are shown in blue and mCherry is shown in
red.
Video 4. mCherry-HA2-TAT uptake in HeLa cells. HeLa cells were incubated with mCherry-HA2-TAT
(10 µM) in DMEM (serum free) for 2 hours at 37 ºC. Cells were then washed three times with heparin
(0.5 mg/mL) in PBS buffer and once with PBS buffer. Cells were incubated with DMEM supplemented
with 10% FBS and Hoechst 33342 (10 µg/ml) for 5 minutes before imaging. Images of the middle of
the cell every 5 seconds for 3 minutes to produce the video. Cell nuclei are shown in blue and mCherry
is shown in red.
Video 5. mCherry-cTAT uptake in HeLa cells. HeLa cells were incubated with mCherry-cTAT (10 µM)
in DMEM (serum free) for 2 hours at 37 ºC. Cells were then washed three times with heparin (0.5
mg/mL) in PBS buffer and once with PBS buffer. Cells were incubated with DMEM supplemented with
10% FBS and Hoechst 33342 (10 µg/ml) for 5 minutes before imaging. Images of the middle of the cell
every 5 seconds for 3 minutes to produce the video. Cell nuclei are shown in blue and mCherry is
shown in red.
Video 6. Pept-mCherry-cTAT uptake in HeLa cells. HeLa cells were incubated with pept-mCherry-cTAT
(10 µM) in DMEM (serum free) for 2 hours at 37 ºC. Cells were then washed three times with heparin
(0.5 mg/mL) in PBS buffer and once with PBS buffer. Cells were incubated with DMEM supplemented
with 10% FBS and Hoechst 33342 (10 µg/ml) for 5 minutes before imaging. Images of the middle of
the cell every 5 seconds for 3 minutes to produce the video. Cell nuclei are shown in blue and mCherry
is shown in red.
Video 7. mCherry-cTAT-GWWG uptake in HeLa cells. HeLa cells were incubated with mCherry-cTATGWWG (10 µM) in DMEM (serum free) for 2 hours at 37 ºC. Cells were then washed three times with
heparin (0.5 mg/mL) in PBS buffer and once with PBS buffer. Cells were incubated with DMEM
supplemented with 10% FBS and Hoechst 33342 (10 µg/ml) for 5 minutes before imaging. Images of
the middle of the cell every 5 seconds for 3 minutes to produce the video. Cell nuclei are shown in blue
and mCherry is shown in red.
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Video 8. mCherry-HA2-cTAT uptake in HeLa cells. HeLa cells were incubated with mCherry-HA2-cTAT
(10 µM) in DMEM (serum free) for 2 hours at 37 ºC. Cells were then washed three times with heparin
(0.5 mg/mL) in PBS buffer and once with PBS buffer. Cells were incubated with DMEM supplemented
with 10% FBS and Hoechst 33342 (10 µg/ml) for 5 minutes before imaging. Images of the middle of
the cell every 5 seconds for 3 minutes to produce the video. Cell nuclei are shown in blue and mCherry
is shown in red.
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