











3.6 (+ 0.2) x 10° p/s. Following this initial light output, the total flux continued to
trend downward over the remainder of the assay (Figure 14C). The greatest
decrease, presumably from dispersion of the cells following injection, occurred
during the first 15 min, during which the total flux decreased from the maxima to
2.4 (£0.2) x 10° p/s. After this time, the rate of bioluminescent production
remained relatively flat, decreasing ~67,000 p/s by the final time point of the 60
min assay. Due to the diffusion of cells within the intraperitoneal cavity following
injection and the increased amount of scattering and absorption associated with
intraperitoneal imaging, pseudocolor images obtained using a 60 sec integration
time were not as well defined as those from the subcutaneous injections despite
the injection of a higher number of cells (Figure 15 A and C). The expression
value differences (in p/s) that lead to these changes in pseudocolor

representation are presented in Table 7.

Bioluminescent measurement of firefly luciferase expressing HEK293 cells
in a small animal model system

Subcutaneous injection

Subcutaneous injection of ~5 x 10° Luc containing cells produced a bell
curve of bioluminescent production. Immediately following intraperitoneal
injection of 150 mg D-luciferin/kg the average total flux from each injection site
was 1.0 (£ 0.2) x 10° p/s. Total flux then increased rapidly over the next 40 min
to a maximum of 2.0 (+ 0.5) x 108 p/s before declining for the remainder of the 60
min assay. Along with the increased flux values were increased error ranges at

each time point as compared to the holux-expressing cell line. Standard error of
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Figure 15. Comparison of pseudocolor images of subcutaneously and intraperitonealy
injected holux and Luc Cells.

Subcutaneously injected (A) holux or (B) Luc expressing cells are capable of presenting relatively
similar images despite the large differences in total flux from each reporter system if the
integration time is increased from 1 sec (Luc) to 60 sec (holux). Similar increases must be made
to maintain uniform representative detection following intraperitoneal injection of the (C) holux
and (D) Luc cells as well, with the holux system requiring a 60 sec integration time to achieve
similar peudocolor patterning as a 10 sec integration of the Luc system.
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each reading averaged 4.0 (+ 0.5) x 10" p/s (Figure 14D). Visual detection of
signal was never problematic, with a 1 sec integration providing ample exposure
for facile visual representation of the subcutaneous injection site (Figure 15B).
With the system under the control of the CMV promoter, the minimum detectable
cell number was determined to be 2,500 under subcutaneous imaging conditions

(Figure 14E).

Intraperitoneal injection

Intraperitoneal injections of ~1 x 10° Luc expressing cells produced a
much different time dependent bioluminescent expression profile than that
obtained following subcutaneous injections (compare Figure 14F to Figure 14D).
The magnitude of bioluminescent flux notwithstanding, the time dependent
bioluminescent profile following intraperitoneal injection of Luc expressing cells
yielded a profile similar to that obtained following intraperitoneal injections of
holux expressing cells (compare Figure 14F to Figure 14C). The highest total
flux occurred immediately after intraperitoneal injection of 150 mg D-luciferin/kg
at 1.6 (+ 0.3) x 10° p/s. The bioluminescent flux then quickly decreased to 1.0 (+
0.1) x 10° p/s by 10 min post luciferin injection. For the remaining 50 min of the
assay the total flux remained relatively constant, averaging 9.2 (+ 0.2) x 108 p/s.
As with the holux-expressing cells, integration time had to be extended to obtain
a representative visual image of the intraperitoneal injection site. Intraperitoneal
injection of ~1 x 10° Luc-expressing cells, followed by immediate imaging post D-

luciferin injection using a 10 sec integration time, produced a pseudocolor visual
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representation similar to the pseudocolor images obtained using a 60 sec
integration time following injection of ~1 x 107 holux-expressing cells, but did not
produce images that were as well defined as those following subcutaneous
injection (Figure 15 B and D). This is presumably due to the increases in
absorbance and scattering associated with injection into the intraperitoneal
cavity. A summary of the differences between Luc expression in vivo or in vitro
following either a subcutaneous or intraperitoneal injection can be found in Table

7.

Fluorescent measurement of GFP expressing HEK293 cells in a small

animal model system

Subcutaneous injection

Subcutaneous injections ranging from ~1 x 10% to ~1 x 10" GFP
expressing cells failed to produce a detectable fluorescent signal when
expressed in a nude mouse model. When regions of interest were drawn over
the injection site of ~1 x 10” cells in a 100 pl volume of PBS, these locations did
not produce significantly more fluorescent flux then was measured over
background from a region of identical size distal from the injection site (p =
0.739). The location of the injection did not have a statistically detectable effect
on the strength of the resulting fluorescent signal, with injection into the shoulder
or the rump resulting in similar levels of detection for equal numbers of injected

cells (p = 0.050).
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Intraperitoneal injection

Similar to the results obtained following subcutaneous injection,
intraperitoneal injection of GFP expressing cells at population sizes up to ~1 x
107 were not able to be detected at any time point during the 60 min course of
the assay. Regions of interest of identical size drawn either over the injection
site, or distal from the injection site at an area not expected to display fluorescent
signal displayed similar levels of fluorescent flux across all surveyed time points

(p = 0.100).

Discussion

There have been myriad demonstrations of the bioluminescent and
fluorescent profiles obtained in culture or small animal imaging when employing
the Luc or GFP proteins as targets. The variety and scope of published literature
utilizing these, or versions of these, reporters is testament to their usefulness, as
well as the expression strategies to which they can be adapted within the
confines of a particular experimental design. To aid in the comparison of the
three different systems under conditions that are as uniform and comparable as
could be achieved, each was expressed in the same cellular background
(HEK293) and placed under the control of identical cytomegalovirus (CMV)
promoters. The use of identical promoters should encourage similar levels of
expression when each construct is expressed in the HEK293 cell line (Qin,

Zhang et al. 2010). However, in the holux cell line, although luxAB is driven by
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the CMV promoter, the luxC and luxE genes are instead under the control of the
human elongation factor 1a (EF-1a) promoter. Because the previously published
demonstration of holux function was designed in this manner (Close, Patterson et
al. 2010) it was not subjected to any modification prior to expression in order to
allow for consistent comparison with the previously published results.

As expected, bioluminescence from the Luc system was detectable at lower
cell concentrations and displayed a significantly larger total flux than holux-
containing cells in the mouse imaging experiments and its detection level was
lower than both the lux and GFP reporters in the cell culture imaging scenarios.
Under conditions where only small populations of Luc-expressing cells were
assayed in cell culture as few as 50 Luc cells/well were visible (Figure 10C and
Figure 12B) compared with a minimum of 15,000 cells/well for the holux system
(Figure 10A) and 500,000 cells/well in the GFP system when cells were imaged
in PBS (Figure 10E and Figure 13). The need to use PBS as a liquid medium to
detect lower GFP-expressing cell numbers due to the autofluorescence from the
cell culture medium represents a crucial problem with using fluorescent systems
for prolonged cell culture imaging. The lack of medium components such as
serum and nutrients required for low-level fluorescent detection does not promote
continued cellular growth, thereby preventing potential autonomous fluorescent
monitoring without regular medium changes. The inclusion of these compounds
can prevent this, but increases the minimum detectable cell number beyond 1
million cells/well, and therefore could not be detected under our imaging
conditions.
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Another approach to overcome the poor sensitivity of GFP in culture is to use
an alternate cell line capable of more efficiently expressing the reporter. It has
previously been demonstrated that GFP expression under the control of the CMV
promoter in the MCF-7 breast cancer cell line is capable of being detected at
lower numbers of GFP expressing cells/well (Caceres, Zhu et al. 2003), however,
these experiments were conducted in wells of significantly smaller surface area
(0.32 cm? as compared to 1.9 cm?) than used in these experiments. When the
results from both experiments are normalized to media volume, this corresponds
to a lower detection level of ~250 cells/ul using MCF-7 cells compared to ~500
cells/pul when expressed in HEK293 cells.

Our results demonstrate, however, that the use of bioluminescence rather
than fluorescence overcomes this problem completely; however, there is a large
difference in the bioluminescent output levels and imaging strategies between
the holux and Luc systems. The holux system has the advantage of not requiring
addition of a substrate to elicit bioluminescent production, therefore allowing for
completely autonomous bioluminescent readings that should routinely correlate
with cell number, regardless of time. The disadvantage of the holux system is
that it is significantly less efficient than the Luc system. While the average
radiance of ~1 x 10° holux cells had a peak value of 6,400 p/s/cm?/st, this is
comparable to the peak average radiance of only ~100 HEK-Luc cells/well
(although this number of cells/well cannot be reliably detected following the initial
bioluminescent burst following substrate amendment as shown in Table 5).

Therefore, detection of small numbers of cells in culture is best suited to a Luc-
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based reporter system, especially if the production of light is only to be monitored
over short time periods. However, if working with larger cell populations, the use
of a holux-based reporter system gives the benefit of continuous bioluminescent
output, and is not dependent on the addition of luciferin to the cell culture
medium. Regardless of which reporter system is employed, the use of a
bioluminescent system (either holux or Luc) has the advantage of low
background detection when compared with the use of a fluorescent system such
as GFP in a medium-based cell culture setting.

When applied to small animal imaging, the same general benefits for each
reporter system are reiterated. The major disadvantage of working with GFP or
alternate fluorescent reporter systems in an animal model is the relatively high
level of background fluorescence resulting from excitation of endogenous
chromophoric material within the subject tissue. The use of a bioluminescent
reporter helps to overcome this disadvantage due to the low levels of background
autoluminescence in mammalian tissues (Welsh and Kay 2005). While Luc-
based systems have most often been utilized for small animal imaging, the holux
system provides a distinct advantage for near-surface target visualization.
Although not as bright as the Luc system (total flux averaged 1.5 (+ 0.2) x 10° p/s
for a subcutaneous injection of ~5 x 10° HEK293 holux cells vs. an overall
average total flux of 1.4 (+ 0.2) x 108 p/s for a subcutaneous injection of ~5 x 10°
Luc cells) the bioluminescent profile of the holux-containing cells was relatively
flat over the full course of the assay, while the bioluminescent profile of the Luc-

containing cells varied greatly following substrate injection. In addition, the act of
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luciferin supplementation encompasses its own set of concerns. It has been well
documented that the bioluminescent profile can be altered depending on the
route of substrate administration for Luc-based systems (Inoue, Kiryu et al.
2009), with each route having different uptake rates throughout the body (Lee,
Byun et al. 2003). Also of concern, the process of substrate injection allows for
the introduction of error due to differences in the efficiency of each injection
and/or the possibility of potential injection failure (i.e. injection into the bowel
during intraperitoneal administration) (Inoue, Kiryu et al. 2009). Any changes in
the quality of the luciferin over time during multiple injections (Mohler 2010) as
well as the possible introduction of tissue damage that can prohibit further
injections are also of concern (O'Neill, Lyons et al. 2010). For large-scale
experiments, the cost of luciferin must also be taken into consideration, as it is an
expensive substrate. Therefore, the use of a holux-based reporter is more
simplistic and economical and may provide more reliable results if relatively large
numbers of cells are being imaged close to the surface of the subject.

The inability to detect injections of GFP-expressing HEK293 cells at
concentrations up to ~1 x 107 is in line with what has been previously reported in
the literature. It has been previously demonstrated that HEK293 cells expressing
GFP were not detectable until 7 d post injection when population sizes of 1 x 10°
cells were used for injection (Choy, O Connor et al. 2003). With the doubling
time of HEK293 cells reported to be 34 h, these cells should have reached a
population size of ~1 x 107 by ~5 days, two full days prior to when they were first

reported to be detectable. When GFP is expressed in other cell lines, however,
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the time until detection can change. It has been reported that injection of ~1 x
10" GFP expressing MCF-7 cells was possible 1 d following injection (Caceres,
Zhu et al. 2003), however, no information was given as to the detection ability
immediately following injection. Although it may have been possible to elicit a
detectable fluorescent signal by injection a higher concentration of GFP
expressing cells, injection size was limited to ~1 x 10 cells because this was the
largest injection size commonly reported in the literature.

While previous reports have suggested that detection of a single cell
expressing the luc reporter gene is possible in the 4T1 mouse mammary tumor
line (Kim, Urban et al. 2010), it is shown here that a minimum of 2,500 cells are
required when the Luc system is expressed in HEK293 cells under the control of
a CMV promoter (Figure 14E). Despite the increase in cells required for
detection under our expression conditions, this number was still well below that
required for detection of the holux-expressing cells (Figure 14B). The diminished
performance of the holux cells compared to Luc-containing cells during both
minimal detection level testing and intraperitoneal injection demonstrates that the
associated benefits of the holux system are of little value if they cannot be easily
detected under experimentally relevant imaging conditions. In cases where deep
tissue imaging is required, the use of a Luc-based system can be advantageous
despite the concerns associated with substrate addition, especially since its use
in these types of experiments is widespread and well documented. Whether
subcutaneous or intraperitoneal injection is chosen as the route of administration,

it is important to realize that the decreased efficiency of the holux system as
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compared to the Luc system necessitates an increase in integration time to
obtain similar detection levels (Figure 15). The amount of time required for signal
detection must therefore be considered in the context of a given experiment to
determine if detection of the holux signal at a level similar to what a researcher
may be accustomed to using a Luc-based system is acceptable.

The greatest advantages of the new holux system, however, are the ability
for researchers to integrate its use alongside other established fluorescent and
bioluminescent systems and the ability to exploit the unique autonomous nature
of lux bioluminescent expression with novel detection methods. Because the
presence of fluorescently labeled cells would not be detected under
bioluminescent imaging conditions (i.e. in the absence of an excitation signal),
the location and size of bioluminescent signals could be determined and then
differentiated from any fluorescent signals detected following administration of
the excitation signal. In addition, the holux signal could be determined prior to
substrate injection in conjunction with alternative bioluminescent reporter
systems to sequentially determine the location and size of differentially labeled
cell populations within a living host. Alternatively, the autonomous nature of lux
bioluminescent expression could allow it to be paired with miniaturized integrated
circuit microluminometers (Islam, Vijayaraghavan et al. 2007) that could one day
be implanted under the skin of an animal subject, allowing for real-time detection
of signal without the need for external imaging equipment. This possibility opens
the door for development of integrated biofeedback circuits that can

autonomously monitor and subsequently react to numerous in vivo disease
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conditions. So while the introduction of a ho/ux imaging target certainly does not
displace the use of currently available fluorescent and bioluminescent imaging
targets, it can overcome some of the shortcomings of these systems and

integrates well with them as an additional tool for noninvasive imaging.
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CHAPTER IV
Use Of Mammalian-Adapted Bacterial Luciferase Genes As A
Reporter System For Use In The Mammalian Cellular

Background

Introduction

For many years researchers have been using bacteria and simple
eukaryotes such as yeast to serve as proxies for measuring the bioavailability of
exposed chemicals to human cells. These simple models have distinct
advantages of being easy to manipulate in the laboratory, inexpensive to
maintain, and highly amenable to high throughput experimental design.
However, as attractive as they might be, they are not completely representative
of human derived cells. As such, there is always some amount of caution that
must be taken when interpreting the data obtained using these models and
relating it to human bioavailability. Oftentimes human derived cells cannot be
used for bioavailability screening because of the lack of reporter systems
allowing for real-time, autonomous reporting of the associated effects.
Fluorescent reporter systems can be employed that do not require addition of
potentially influential substrates for signal generation, however, these systems

have high levels of background and can require expensive equipment to properly
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filter their excitation and emission signals (Tsien 1998). The use of currently
available bioluminescent systems can overcome some of these technical hurdles
and allow for inexpensive bench top monitoring, but does so at the cost of
potentially error inducing substrate addition.

The simplest solution to this problem is to work in a less complex model
system such as Escherichia coli or various other traditional prokaryotic
organisms. This is most often done to partially alleviate the cost, scalability, and
narrowed reporter availability issues that have traditionally restricted direct
testing in mammalian cell lines. However, these logistical considerations come
at a cost. Oftentimes the use of a prokaryotic or lower eukaryotic organism
dictates that there will be significant differences in the metabolic pathways and
extracellular receptor profiles as compared to those present when directly testing
in mammalian cells. This has traditionally been a problem when studying the
effects of compounds such as estrogen, which cannot be metabolically
processed by prokaryotic organisms, or attempting to elucidate the intricacies of
organelle formation, which again is not feasible using a bacterium lacking in
these cellular components (Campbell, Reece et al. 2007).

In some cases, such as screening for estrogenic compounds, a lower
eukaryotic host such as Saccharomyces cerevisiae is therefore employed that is
capable of reacting to the presence of the target compound (Sanseverino, Gupta
et al. 2005). However, even when using another eukaryotic organism as a proxy,
there is no way to directly relate the ensuing findings to human bioavailability.
Ultimately, the only way to draw direct comparisons to how a given compound
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will affect a human cell is to directly test it on the tissue of interest. The use of
mammalian cells that can react to the presence of a compound of interest either
through the production or reduction of a bioluminescent signal in a near real-time
fashion would provide a novel method for the detection and evaluation of
biomedically relevant compounds in an efficient and high throughput manner,
filling the niche left by the currently available mammalian-compatible reporter
systems.

These concerns are clearly illustrated in the toxicology field, where it is
estimated that ~$2.7 billion is spent on toxic chemical screening alone, with much
of that sum being directed to animal testing (Hartung 2009). Despite this
expenditure, the use of animal subjects has proven to be a poor substitute for
human exposure. In one classic example, testing using rodents was shown to be
able to correctly identify toxic effects in humans at a rate of only 43% (Olson,
Betton et al. 2000). The use of a high throughput mammalian cell line that can
be used as a screen for compound toxicity could greatly improve upon the
current detection methods, as well as provide a low cost method to determine
which compounds should be studied in greater detail (Ekwall, Silano et al. 1990).

Here the use of human derived HEK293 cells stably transfected with the
luxCDABETfrp genes of the bacterial bioluminescence cassette (lux) is
investigated as a means of overcoming the limitations imposed by currently
available mammalian cell based bioavailability detection methods. To investigate
the utility of these cells to act as biosensors for the presence of a specific target
chemical, a version of the lux gene cassette was created that regulated the
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expression of the luxC and luxE genes in response to doxycycline using the
commercially available TET-On system (Clontech). The TET-On system
represents a common method for evaluating the effectiveness of a reporter
system as it has previously been shown to be effective for expression of a wide
array of reporter genes across multiple mammalian cell lines (Freundlieb 2007)
and therefore allows for the facile comparison of reporter function with previously
published models.

It has previously been demonstrated that bioluminescence can be
detected from small numbers of human cells expressing the lux genes, and that
the bioluminescent flux can be correlated to overall cell population size (Close,
Patterson et al. 2010). This makes the substrate-free, real-time bioluminescent
response of a lux-expressing cell line an excellent platform for development into
a mammalian-based reporter system designed to signal target compound
detection, as well as allowing for it to be developed into a first-of-its-kind
biosentinel for toxic chemical exposure. The latter is made possible because the
persistence of the bioluminescent signal without excitation or addition of
substrate makes it possible to measure changes in overall bioluminescent
production as an indicator for changes in cellular growth and metabolism.

These types of measurements would not be possible using other reporter
systems due to the economic and logistical concerns related to constantly
simulating the reporter protein in order to generate the continuous signal required
for real-time monitoring. The ability to autonomously produce a bioluminescent
signal in response to a specific compound of interest without the requirement of
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investigator intervention allows for the possibility of high throughput, on-line,
remote detection systems that could significantly improve on the cost and
efficiency of current detection methods. In addition, the ability to efficiently
screen multiple compounds in parallel in order to evaluate their potential
cytotoxic effects directly on human cells gives the lux reporter system an
advantage over other fluorescent or bioluminescent reporter systems in the field

of toxicology.

Materials And Methods

Strain maintenance and growth

Escherichia coli cells were routinely grown in Luria Bertani (LB) broth with
continuous shaking (200 rpm) at 37°C. When required, kanamycin or ampicillin
was used at final concentrations of 40 and 100 pg/ml, respectfully, for selection
of plasmid containing cells. Mammalian cell lines were propagated in Eagle’s
modified essential medium (EMEM) supplemented with 10% fetal bovine serum,
0.01 mM non-essential amino acids, and 0.01 mM sodium pyruvate. Cell growth
was carried out at 37°C in a 5% CO, environment and cells were passaged every
3 - 4 d upon reaching 80% confluence. Neomycin, hygromycin, and/or zeocin
were used for selection of transfected cells at concentrations of 500 pug/ml, 100
ug/ml, or 50 pg/ml, respectfully, as determined by kill curve analysis, for each

antibiotic.
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Cloning of the tetracycline response element

PCR amplification

Primers were designed (TET-forward 5’-
GCTAGCAGGTGGCGTGTACGGTGGGA-3’, TET-reverse 5’
GCGGCCGCTCCAGGCGATCTGACGGTTC-3’) to amplify a 349 bp region of
the pTRE-Tight-Bl plasmid (Clontech) containing both the tetracycline response
element and its associated CMV promoter sequence. The TET forward primer
was engineered to contain an Nhel restriction site, while the TET reverse primer
was engineered with an associated Notl restriction site. This allowed for the
attainment of an altered PCR product that contained a 5’ Nhel restriction site,
followed by the tetracycline response element and CMV promoter, then a 3’ Noitl
restriction site. The resulting PCR product was then immediately TOPO cloned
into the pCR4-TOPO vector (Invitrogen) to create pCR4-TET. This plasmid was
used as the basis for allowing propagation and maintenance of the receptor

fragment.

Introduction of the tetracycline response element into pLuXcpesp

The tetracycline response element and its associated CMV promoter were
removed from pCR4-TET using the Nhel and Notl restriction sites. In parallel
with this reaction, the EF1-a promoter was removed from pLuXxcpesp Using the
same restriction sites. Following restriction digest, both reactions were purified
by gel electrophoresis. The ~350 bp band representing the tetracycline response

element and the CMV promoter were extracted from the lane containing the
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pCR4-TET digestion and the ~8.9 kb band representing the pLuxcpesp plasmid
with the EF1-a promoter removed was extracted from the lane containing the
pLuxcpesp digestion. Both isolated fragments were purified using QlAquick Gel
Extraction kits (Qiagen). The purified fragments were ligated together for 5 min
at room temperature using T4 DNA polymerase (Promega) in LigaFast buffer
(Promega) to create the plasmid pLuxcpemp-TET. The ligated plasmid DNA was
then used directly for transformation. Chemically competent E. coli were
inoculated with 2 pl of the pLuxcpeqp-TET ligation product and selected by growth
on LB medium containing 100 pg Ampicillin/ml. Successful uptake the
pLuxcoesmp-TET plasmid was confirmed by restriction digest and the success of

the ligation reaction was confirmed by sequencing.

Transfection of pLuxag and pLuxcpenp in HEK293 cells

Transfection was carried out in six-well Falcon tissue culture plates (Thermo-
Fisher). The day prior to transfection, HEK293 cells were passaged into each
well at a concentration of approximately 1 x 10° cells/well and grown to 90 — 95%
confluence in complete medium. pLuxag and pLuXcpemp-TET plasmid vectors
were purified from 100 ml overnight cultures of E. coli using the Wizard
Purefection plasmid purification system (Promega). On the day of transfection,
cell medium was removed and replaced and vector DNA mixed in a 1:1 ratio was

introduced using Lipofectamine 2000 (Invitrogen).
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Screening of stably transfected reporter cell lines

Twenty-four h post-transfection, the medium was removed and replaced with
complete medium supplemented with the appropriate antibiotic. Selection of
successfully transfected clones was performed by refreshing selective medium
every 4 — 5 d until all untransfected cells had died. At this time, colonies of
transfected cells were removed by scraping, transferred to individual 25 cm? cell
culture flasks, and grown in complete medium supplemented with the appropriate
antibiotics.

To screen the resulting cell lines for the ability to regulate /uxC transcription
in response to doxycycline, relative reverse transcription PCR (rt-PCR) was used
to determine the level of luxC mRNA present 24 h following the addition of 0, 10,
or 100 ng doxycycline/ml to the complete growth medium. To this end, each
isolated cell line was split into 4 25 cm? cell culture flasks upon reaching 80%
confluence. Cells were then grown at 37°C and 5% CO. until again reaching
~80% confluence. At this point, one of the flasks was routinely passaged to
maintain a stock of cells for future use. The remaining 3 flasks were spiked with
0, 10, or 100 ng doxycycline/ml and returned to the incubator. Twenty-four h
post doxycycline addition, cells were harvested and total RNA was isolated using
an RNeasy isolation kit (Qiagen). Isolated RNA was used directly for rt-PCR
analysis, and cell lines displaying the greatest range in luxC transcription
between 0 ng Doxycycline/ml treatment and either 10 ng or 100 ng

doxycycline/ml treatment were selected for bioluminescent screening.
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Bioluminescent measurement in response to doxycycline

Cell lines displaying the greatest upregulation of luxC gene transcription
following treatment with 10 ng and 100 ng Doxycycline/ml were passaged into 75
cm? tissue culture flasks (Corning) and grown at 37°C and 5% CO; until they
reached 90% confluence. Cells were then harvested by trypsinization and cell
number was determined as the average of two counts using a hemocytometer.
Approximately 1 x 10° cells per well were plated in triplicate in opaque 24-well
tissue culture plates (Costar) in DMEM without phenol red and supplemented
with 10% fetal bovine serum, 0.01 mM non-essential amino acids, and 0.01 mM
sodium pyruvate. Immediately post plating, wells were spiked with either 0, 10,
100, or 500 ng Doxycycline/ml. Photon counts were then recorded using an IVIS
Lumina in vivo imaging system and analyzed with Living Image 3.0 software
(Caliper Life Sciences). The change in light output over time was determined in
photons (p)/sec (s) for each well by averaging the photon output over integration

times of 10 min and reported with the standard error of the mean.

Bioluminescent measurement in response to toxic chemical exposure

To determine the ability of constitutively bioluminescent HEK293 cells to
function as a bioreporter for toxic chemical exposure, cells stably expressing
pLuxcperp/pPLuxas Were exposed to increasing concentrations of the cytotoxic
aldehyde n-decanal. HEK293 cells previously determined to be capable of
continuous bioluminescent output from the expression of the pLuxcpesp/PLUXAB

plasmids were passaged into 75 cm? tissue culture flasks (Corning) and grown at
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37°C and 5% CO. until they reached 90% confluence. Cells were then
harvested by trypsinization and cell number was determined as the average of
two counts using a hemocytometer. Approximately 1 x 10° cells per well were
plated in all wells in opaque 24-well tissue culture plates (Costar) in DMEM
without phenol red and supplemented with 10% fetal bovine serum, 0.01 mM
non-essential amino acids, and 0.01 mM sodium pyruvate. Triplicate wells were
treated with serial dilutions of n-decanal ranging from 0.1% to 1 x 10°%, with a
control set receiving no n-decanal amendment to determine maximal
bioluminescent expression. Photon counts were then recorded using an IVIS
Lumina in vivo imaging system and analyzed with Living Image 3.0 software
(Caliper Life Sciences). The change in light output over time was determined in
photons (p)/sec/cm?/steridian (sr) for each well using integration times of 10 min
once every hour for 24 h and reported as the average of three runs with the

standard error of the mean.

Results

Regulation of luxC transcription in response to doxycycline dose

Following antibiotic selection of HEK293 cells co-transfected with
pLuxas/pLuxcoemp-TET, 11 cell lines were established that were capable of
growing efficiently under selective media conditions. Each of these lines was

interrogated for the ability to up regulate luxC gene transcription following
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doxycycline amendment. The average Cr value for luxC detection in negative
control cells containing no doxycycline was 13.6 (£ 0.7) cycles. Following
amendment with 10 ng doxycycline/ml, the average Ct value dropped to 11.9 (£
0.7), and following amendment with 100ng doxycycline/ml the average dropped
to 11.5 (£ 0.6). Of the eleven cell lines tested, only three showed significant (p <
0.05) reductions in Cy value at both 10 and 100 ng treatment levels as compared
to the negative control, and also between the 10 and 100 ng treatment levels
themselves (Table 8). The best performing cell line displayed a reduction of 3.5
cycles to reach Cr upon amendment with 10 ng doxycycline/ml, which
corresponds to approximately 11-fold increase in luxC transcription. Upon
induction with 100 ng doxycycline/ml, this cell line displayed a reduction of 4.3
cycles to reach Cr, an ~20-fold increase in transcription, although this was a
difference of less than one cycle to reach Cr as compared to induction with 10 ng
doxycycline/ml, it was determined to be a statistically significant increase in
transcriptional level (p = 0.027). This cell line was chosen for determination of

bioluminescent output in response to doxycycline addition.

Bioluminescent production in response to doxycycline dose

Using the cell line previously determined to have the most dynamic
response to doxycycline treatment, cells were monitored to determine the
magnitude and dynamics of bioluminescent production over a 24 h period

following exposure to either 10 or 100 ng doxycycline/ml. Average background

127



Table 8. Regulation of luxC gene transcription in response to doxycycline treatment.

Cell lines demonstrating a significant (p < 0.05) reduction in Ct value between both negative control and 10 ng/ml doxycycline treatment
and negative control and 100 ng/ml doxycycline treatment are indicated with the * symbol. The cell line selected for further testing is
designated by the ** symbol.

Negative Control (0

10 ng Doxycycline/ml

Time ng Doxycycline/ml) Treatment 100 ng Doxycycline/ml Treatment
Cell A Ct From p Valug vS. A Ct From p Valug vs. A Ct From 10 p Value vs. 10
Line iz Negative NCegatlve Negative Mgt ng/ml Treatment | ng/ml Treatment
ontrol Control

#1* 13.8 (+0.2) -3.5 (+0.1) <0.01 -4.3 (£ 0.2) < 0.01 -0.8 (+0.2) 0.03

#2 19.5 (+ 0.1) -1.5(+0.4) 0.05 -3.2(+0.1) <0.01 -1.7 (£ 0.1) 0.04

#3 14.0 (£ 0.8) -1.4(£0.2) 0.2 -1.9 (£ 0.1) 0.13 -0.4 (£ 0.1) 0.17
#4 11.7 (x 0.1) -1.2(£0.2) 0.02 -25(£0.2) <0.01 -1.2(£0.2) 0.02

#5 12.1 (£ 0.1) -1.2 (£ 0.3) 0.05 -1.7 (£ < 0.1) < 0.01 -0.5 (£ < 0.1) 0.3

#6 14.5 (£ 0.2) -3.3(£0.8) 0.04 -3.2 (£ 0.3) < 0.01 +0.1 (£ 0.3) 0.95

#7 13.0 (+ 0.1) 2.1(£0.2) <0.01 2.6 (£0.1) <0.01 -0.4 (£0.1) 0.12

#8" 12.5 (£ 0.2) -1.2 (£ 0.1) 0.02 -2.0 (£ 0.2) < 0.01 -0.9 (£ 0.2) 0.04

#9 11.8 (£ 0.2) -0.7 (£ 0.1) 0.1 +0.3 (£ 0.3) 0.47 +0.1 (£ 0.3) 0.08
#10 12.6 (£ 1.5) 2.6 (£1.2) 0.25 -1.1 (£ 0.2) 0.56 +1.6 (£0.2) 0.31

# 11 14.2 (£ 0.2) -0.2 (£ 0.4) 0.73 -9 (£0.3) 0.08 -0.7 (£ 0.3) 0.23
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bioluminescence detection from cells that did not receive doxycycline treatment
was determined to be 11,000 (+ 205) p/s. Average total flux from cells treated
with 10 ng doxycycline/ml was not increased significantly (p = 0.06), although it
did trend upwards to 11,500 (£ 200) p/s. Treatment with 100 ng doxycycline/ml,
however, further increased the total flux to 12,500 (+ 200) p/s, a significant
increase over both the negative (p = 1.1 x 10°) and over the 10 ng/ml treatment
(p=9.2 x 10™). These values remained relatively constant over the full course of
the assay (Figure 16), with ranges of only 2,010, 1,900, and 1,800 p/s for the
negative control, 10 ng, and 100 ng doxycycline/ml treatments respectively
following the initial evaluation at 1 h post treatment. It was possible to
significantly distinguish the 100ng/ml treatment level from background at all but
the 5 h post treatment time point. While it was possible to significantly
distinguish the 10ng/ml treatment level at some of the time points, it was never
consistently greater than that of the untreated control cells (Table 9). After it was
discovered that bioluminescent production could be induced with treatment at
100 ng doxycycline/ml, but not at 10 ng doxycycline/ml, cells were treated with
500 ng doxycycline/ml to determine if higher treatment levels would be capable
of inducing further increases in bioluminescent production. However, it was
discovered that this treatment was not able to induce any further increase in

bioluminescent output.
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Figure 16. Bioluminescent production following treatment with varying levels of
doxycycline.

Cells treated with 100 ng doxycycline/ml produced significantly greater bioluminescent flux (p <
0.05) than untreated cells at all time points except for 5 h post treatment, while cells receiving 10
ng doxycycline/ml produced greater bioluminescent flux only intermittently.
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Table 9. Detection of significantly significant changes in bioluminescent production following doxycycline treatment.

HEK293 cells containing promoter sequences capable of regulating luxC and luxE gene expression in response to doxycycline levels can
be used to report on exposure to increased levels of doxycycline in the media. Green boxes indicate time points where significant (p <

0.05) up regulation of bicluminescent production was detected. Hatched red boxes indicate that no significant (p > 0.05) increase in
bioluminescent production was detected.

Time Post Doxycycline Treatment

1h | 2h | 3h | 4h | 5h [ 6h | 7h | 8h | 9h | 10h | 11h | 12h | 13h | 14h | 15h | 16 h | 17h

100 ng
Treatment
10 ng
Treatment
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Use of constitutively bioluminescent cells as biosensors for n-decanal

exposure

Constitutively bioluminescent HEK293 cells expressing pLuxas/pLuXcpeip
were exposed to increasing levels of the cytotoxic aldehyde n-decanal and the
rate and magnitude of bioluminescent production was monitored to determine the
bioavailability of this toxicant to a mammalian cell line. It was observed that
treatment with 0.1% n-decanal reduced bioluminescent output immediately
following addition, with all of the surveyed time points displaying significantly
down regulated production of light (Table 10). Treatment with 0.01% n-decanal
also had deleterious effects on bioluminescent production, however, due to the
reduced concentration, these effects were not consistently observable until 4 h
after addition (Table 10). The remaining treatment levels, while not capable of
inducing increases in bioluminescence, could not be statistically differentiated

from cells not receiving treatment (Figure 17).

Discussion

These findings represent the first use of autonomous bioluminescent
production from a mammalian cell line being harnessed to directly detect the
bioavailability of compounds of interest. The unique ability of the lux genes to
produce a bioluminescent signal that is practically background free, without

exogenous stimulation, opens the door for future development of high
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Figure 17. Bioluminescent profile of constitutively bioluminescent HEK293 cells following
decanal treatment.

Treatment with 0.1% decanal leads to immediate reductions in bioluminescent output, while
treatment with lower concentrations produces more subtle reductions in output. Only treatment
with 0.1% and 0.01% decanal adversely effected bioluminescent production, while no treatment
levels surveyed were capable of increasing bioluminescent production.
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Table 10. Detection of significantly different changes in bioluminescent production following doxycycline treatment.

Hashed red boxes indicate bioluminescent profiles similar to control (p > 0.05). Green boxes represent bioluminescent profiles lower than
untreated control cells (p < 0.05). At concentrations below 0.01% decanal it was not possible to differentiate the luminescent profile from
that of the untreated control cell line. Intermittent deviation in bioluminescent flux was detected beginning at 40 min post decanal addition

and became constant after 4 h at a concentration of 0.01%, while treatment with 0.1% decanal was able to be differentiated from control at
all time points surveyed.

Time Post Decanal Addition

Decanal

15h | 2h [ 25h | 3h | 35h | 4+h

oot - 6969 @ 6. 6onBnBoB6Baa=v- - .
0.00010%

0.00100% |7 /////7/////4//inyy /47777774
0.01000%

0.10000%
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throughput, on-line monitoring systems. These types of screening systems have
not previously been possible in the mammalian cellular background because of
the photobleaching effects related to constant stimulation of fluorescent reporters
or the prohibitively high cost of constant substrate profusion required for
alternative bioluminescent reporters. With these barriers circumvented by the
ability of the lux-expressing cells to produce light autonomously, there is now the
potential to provide a facile method for screening large numbers of compounds
simultaneously and directly relating the findings to human bioavailability.

The ability of lux expression to function as a traditional bioreporter by
modulating the expression of the luxC and luxE genes under control of a
tetracycline responsive promoter has been demonstrated in these experiments.
The luxC and luxE genes were chosen as the regulatable genes because
previously published literature has suggested that regulation of the /uxC and luxE
genes would provide the most digital control over bioluminescent expression
using mathematical models (Welham and Stekel 2009). While this work has not
demonstrated that this is in fact the most efficient method of regulation, it has
validated that expression of the luxC and luxE genes can be used successfully to
modulate bioluminescent expression at statistically significant levels (p < 0.05).

The luxC and luxE genes play a crucial role in the production and
regeneration of the myristyl aldehyde substrate required by the /ux luciferase
enzyme in order to produce bioluminescence. The luxE gene encodes an acyl-
protein syntetase that activates an intermediate fatty acid compound to provide
the energy required for its future reduction to an aldhyde. It is the luxC gene,
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which encodes a fatty acid reductase, that performs this reduction of the fatty
acid precursor to form the alehyde that ultimately takes part in the bioluminescent
reaction. Previous work has demonstrated that constitutive expression of the
luxA and luxB genes that form the actual luciferase enzyme is not cytotoxic
(Patterson, Dionisi et al. 2005) and that expression of these genes alone is not
sufficient to elicit bioluminescent production without the function of the remainder
of the lux cassette genes (Close, Patterson et al. 2010). It has also been shown
that high levels of aldehyde expression can be toxic in organisms exogenously
expressing the lux genes (Hollis, Lagido et al. 2001). Taken together, these data
suggest that regulation of aldehyde production within the mammalian cell will be
the most efficient means for controlling bioluminescent expression while
simultaneously maintaining efficient conditions for cellular growth and
metabolism.

While it may have been more efficient to control only a single gene (i.e.
only /luxC or luxE) rather than multiple genes to serve this purpose, it was
necessary to simultaneously regulate two genes in order to properly mimic the
polycistronic nature of the cassette within the mammalian host cells. Regulation
of only one gene would have required re-engineering of the previously validated
lux vectors, as well as the possible introduction of a third plasmid. This prospect
would have been detrimental to transfection efficiency and significantly
decreased the chances of successfully establishing a stable cell line expressing

all three plasmid constructs.
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Treatment of cells expressing the luxC and luxE genes under the control
of the tetracycline responsive promoter with 100 ng doxycycline/ml was able to
elicit a significant up regulation in bioluminescent output (p = 1.1 x 10”°) following
a relatively short incubation period of 1 h (Figure 17). This time period is in line
with previously published reports that have indicated the tetracycline responsive
promoter is strong enough to produce detectable levels of its downstream gene
product in as little as 30 min (Yarranton 1992; Gossen and Bujard 1993). It is not
known why the bioluminescent levels of the control and 10 ng doxycycline/ml
treated cells increased transiently during the 5 h time point (Figure 16). This
anomalous increase in flux from the control cell line represents the only surveyed
time point where it was not possible to statistically differentiate the signal from
cells treated with 100 ng doxycycline/ml from the negative control, however, it
maintained the trend of non-statistically differential expression between the
control and 10 ng doxycycline/ml treated cell lines. The most parsimonious
explanation is that there was a mechanical anomaly with the imaging equipment
leading to false positive levels of photon acquisition counts over an area of the 24
well plate that contained both the negative control and 10 ng doxycycline/ml
treated cells, as these were spatially adjacent during imaging. The 100 ng
doxycycline/ml treated cells remained distal from this section of the plate, and
therefore may not have been affected by the anomaly, explaining why there was
not a corresponding increase in measured bioluminescent flux for all three

treatment levels at the 5 h time point.
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Levels of bioluminescent flux from cells treated with 100 ng
doxycycline/ml were smaller than those detected from similar numbers of
constitutively bioluminescent cells in culture. When the luxC and luxE genes
were continuously expressed under the control of the EF1-a promoter the
maximum level of radiance was measured at 4.5 (+ 0.16) x 10° p/s, whereas,
with the luxC and luxE genes placed under the control of the tetracycline
responsive promoter and induced with 100 ng doxycycline/ml, the maximum
measured flux was 1.3 (+ 0.03) x 10* p/s. This is most likely due to a
combination of the improved efficiency of the EF1-a promoter as compared to the
tetracycline responsive promoter and the increases in transcriptional efficiency
imparted during continuous expression.

Due to the discrepancy in luminescent flux between tetracycline
responsive cell lines and those displaying constitutive expression, increases in
treatment levels above 100 ng doxycycline/ml were attempted, however, none
were shown to further increase bioluminescent output. These results indicate
that the tetracycline responsive lux reporter cells have a relatively narrow
detection range, and therefore would not make efficient laboratory reporter
strains at this time. There are, however, further avenues that could be explored
to improve their performance. The first steps in this direction would be the
redesign of the plasmid vectors to regulate expression of only a single lux gene,
or the choice of alternative lux genes as points of regulation for reporter function.
General considerations for optimization of the /ux system that could be applied as
well will be discussed extensively in chapter V.
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Due in part to the poor performance of lux expressing cells to act as a
bioreporter for specific compound detection, it was further investigated whether
or not constitutively bioluminescent mammalian cells could function as
biosensors for toxicological screening. These unique cells are ideal platforms for
real-time monitoring of the mammalian bioavailability of potentially toxic
compounds, an assay that has not been previously available. To determine their
effectiveness in this roll, cells were exposed to n-decanal, a cytotoxic aldehyde
similar to the product of the bacterial bioluminescent reaction, and the minimum
exposure level capable of reducing bioluminescent production was determined.
Decanal was chosen for the initial assay because it can serve a three-fold
purpose. As a similar product to that of the reaction catalyzed by the actions of
the luxCDE genes (Meighen 1979), there have long been concerns over the
potential cytotoxicity of these types of compound when the Jux system is
expressed in non-native organisms (Hollis, Lagido et al. 2001). By using
changes in bioluminescence to monitor for the effects of n-decanal on the
HEK293 cell line it was possible to determine 1) if small supplements of the
compound can increase bioluminescent intensity, 2) at what level the compound
becomes toxic to the cell, and ultimately, 3) if a constitutively bioluminescent
mammalian cell line can function as a reporter system for toxic chemical
exposure.

It was hypothesized that slight increases in n-decanal availability would
lead to increased bioluminescent output. Previous work had indicated that when
additional levels of n-decanal were made available to cell extracts containing the
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lux proteins, it was possible to increase overall bioluminescent output in vitro
(Close, Patterson et al. 2010). This effect was not observed during in vivo testing
(Figure 17) however, and none of the time points surveyed produced a result
whereby a cell population treated with any level of decanal produced significantly
greater bioluminescent flux than the untreated control line. The small, aliphatic
nature of n-decanal allows it to cross the membrane of Gram negative bacteria
(Sizemore, Geissdorfer et al. 1993), and our data supports the hypothesis that
the saturated ten carbon tail also allows the molecule to pass through the lipid
bilayer of mammalian cells. Using the newly developed assay it was confirmed
that n-decanal treatment is adversely toxic (high levels of the compound will fix
cells in a manner similar to formaldehyde) and will become detrimental to cellular
health at concentrations required to generate the diffusive force required to cross
the membrane. It is possible, however, that there are alternative explanations for
the failure of low level n-decanal treatment to increase bioluminescent flux. The
cell could be reaching an equilibrium where the additional influx of aldehyde is
boosting bioluminescent production levels, but simultaneously negatively
effecting cellular metabolism, thereby reducing overall bioluminescent yield. This
situation seems unlikely, given the observation that there is no effect over three
orders of magnitude of aldehyde concentration. It is more parsimonious that the
low levels of aldehyde concentration do not provide enough diffusive force to
allow n-decanal to cross into the interior of the cell through the lipid bilayer.
Despite the inability of low levels of aldehyde treatment to stimulate
bioluminescent production, it was clear that at and above concentrations of
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0.01% the aldehyde became toxic to the HEK293 cell line (Table 10). While
treatment with 0.1% decanal reduced bioluminescent output at all time points
surveyed, treatment with 0.01% was not able to consistently reduce
bioluminescence until 4 h after addition. These results are comparable with
previously published reports that demonstrated the ability of aldehyde to diffuse
into Gram negative bacteria at concentrations in the range of ~ 0.25 — 50 x 10
M (Rogers and McElroy 1958). Our 0.01% decanal treatment corresponds to a
concentration of ~64 x 10° M. While the previous experiments used the slightly
longer dodecanal in place of decanal (C1> compared to Co), less of that
aldehyde is required to enter the cell in order to elicit a similar bioluminescent
response because the longer chain aldehydes have been shown to produce a
greater bioluminescent signal upon utilization in the lux reaction despite their
slower penetration of the cell wall (Rogers and McElroy 1958). These data
suggest that the concentration range of 10° M is the point where decanal is able
to cross the cell wall at a rate greater then it is able to be cleared by aldehyde
metabolizing enzymes.

The initial production of bioluminescence within error of the positive
control indicates that for the first 0.5 h, a sufficient concentration of aldehyde has
not entered into the cells to elicit a change in metabolism or cellular health. The
fluctuations in bioluminescent production over the next 2 h indicate that aldehyde
has entered into the cell, but is likely being processed by endogenous aldehyde

metabolizing proteins, whereas the distinct reduction in bioluminescence
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following the 4 h time point suggests that the concentration of aldehyde has
become too great to be cleared and has begun causing cellular damage.

The clear distinction between concentrations of aldehyde that affect
bioluminescent production, and those that do not have an affect, suggest that
constitutively bioluminescent mammalian cells can be used as sensors for
monitoring the bioavailability of toxic compounds in real time. Specifically the
treatment of cells with 0.01% decanal shows that the real-time nature of the lux
expression system can allow researchers to determine not only the presence or
absence of an affect from their treatment of interest, but can also do so in a time-
dependent manner. The autonomous nature of this reaction demonstrated by
these results will allow for the development of biosentinel devices capable of
acting remotely to detect and report directly on the mammalian bioavailability of a
variety of biomedically relevant compounds in a way that is not feasible using

substrate dependent luciferase systems.
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CHAPTER V
Initial Optimization Of The Mammalian-Adapted Bacterial
Bioluminescence System And Determination Of Objectives For

Future Improvements

Introduction

The use of mammalian-adapted bacterial luciferase (/ux) genes as a
reporter system in human cells is still in its infancy. While the initial results
detailed in this work are encouraging, the future of the mammalian lux system is
still being written. As the newest of the mammalian-compatible reporter options,
the lux system has not had the advantage of optimization that comes from
widespread adoption and evaluation by multiple research groups.

Thus far, all of the popular genetic-based (i.e. those derived directly from
living organisms) fluorescent and bioluminescent reporter systems currently
being employed for small animal imaging have had the advantage of multiple
refinements in order to increase their efficiency under standard laboratory
conditions. Perhaps the best example of these incremental improvements has
been with the widely used green fluorescent protein (GFP). Originally detailed in
1962 (Shimomura, Johnson et al. 1962), the GFP protein has undergone

extensive modification from its native state in the last ~50 years in order to
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compensate for the traits that make it less attractive for use as an imaging target.
The genetic structure of the GFP protein has been altered repeatedly in order to
allow it to fold properly in mammalian cells at the relatively increased
temperature of 37°C (Crameri, Whitehorn et al. 1996), to prevent dimerization
under the high levels of constitutive expression that are preferred for facile image
acquisition (Zacharias, Violin et al. 2002), and mutated myriad times in order to
alter the signal emission wavelength so that it can be used in tandem with other
reporters, or detected with greater efficiency through living tissue (Heim, Prasher
et al. 1994; Heim and Tsien 1996; Ormo, Cubitt et al. 1996). Each of these
incremental changes have led to the development of a protein that, while the
same in hame, in some implementations, can not even be spectrally identified as
its native precursor.

The same can be said for alternative bioluminescent proteins such as
firefly luciferase (Luc). Recently there have been modifications engineered into
the luc gene, leading to is commercial replacement with /luc2, a modified version
that has been designed to improve translational efficiency in the mammalian
cellular background and has also been destabilized to promote lower background
and increased induction levels (Promega 2009). As the use of optical imaging
technologies continues to spread in the scientific community, there will continue
to be an increasing drive for the development of new, enhanced versions of the
Luc protein, just as there has for GFP, in order to fill the diverse requirements of

new researcher’s specific experimental designs.
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If use of the lux reporter system spreads to even moderate levels among
those actively engaged in optical imaging, there will no doubt be great interest in
enhancing its bioluminescent characteristics, just as there has been with other
widely adopted reporter systems. To this end, the groundwork for future
development and optimization of the /ux system has been laid out, with
increasing the bioluminescent flux of the system as the primary goal. Under its
current implementation, the mammalian-adapted /ux system cannot produce
levels of bioluminescent flux as high as any of the commercially available
bioluminescent proteins can, following amendment with their luciferin substrates.
Enhancing the bioluminescent flux of the /ux system to achieve levels of flux on
par with the alternative systems would overcome this deficiency, which is viewed
as the main hurdle to its widespread use in the optical imaging community, and
prevent it from being used solely as a niche-based reporter for experimental
designs that require bioluminescent production without substrate amendment.

To determine points for future optimization of the /ux system that could
increase bioluminescent production, the function of the lux genes within the
HEK293 mammalian cell line was first investigated. While the function of the
luxA and luxB genes has previously been evaluated extensively (Patterson,
Dionisi et al. 2005; Close, Patterson et al. 2010), the focus of these experiments
was to evaluate the function of the remaining luxC, luxD, luxE, and frp genes that
are responsible for establishment and regeneration of the aldehyde and FMNH>
substrates required for bioluminescent production. The luxC, luxD, and luxE
genes produce protein products that work together in a complex to supply the
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myristyl aldehyde substrate (Meighen 1991). Their codependence allows them
to be evaluated simultaneously, because a deficiency in any one will adversely
effect the production of bioluminescence in vivo. The frp gene acts
independently, and therefore was evaluated separately in order to determine its
function in the regeneration of cytosolically available FMNH..

Because the function of these genes is in part dependent on the efficiency
of their expression in the mammalian cellular environment, the translational
efficiency imparted by the internal ribosomal entry site (IRES) elements that were
included to spur translation of the lux genes while mimicking the polycistronic
nature of the original bacterial operon was also investiagated. The use of a 2A
linker site as an alternative to the IRES element was investigated and the
resulting changes in in vitro bioluminescent production levels were compared.
The 2A element was chosen because it performs the same basic function of the
IRES element by generating multiple protein products from a single mRNA under
the control of a single promoter element. However, the means by which the
protein products are created are very different.

IRES elements are relatively large sequences of DNA that, upon
transcription into mRNA, form a secondary structure capable of attracting and
binding a ribosome to initiate translation of the downstream gene (Lupez-Lastra,
Rivas et al. 2005). On the other hand, 2A elements are short, in-frame, linker
regions that separate two in-frame ORF’s driven off of a single promoter. During
translation of the 2A sequence region the nascent amino acid sequence interacts
with the exit tunnel of the ribosome, causing a “skipping” of the last peptide bond
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at the C terminus of the 2A sequence. Despite this missing bond, the ribosome
is able to continue translation, creating a second, independent protein product.
The short nature of the sequence (they average 10 amino acids in length) and
highly efficient 1:1 stoichiometry of these sequences give them many advantages
over the more bulky IRES elements (de Felipe 2004).

By determining if increased efficiency of the aldehyde and/or FMNH,
regulating genes increased bioluminescent output in the mammalian-adapted /ux
system, it allows future research to focus on improving the specific aspects of the
lux system that can lead to the most beneficial improvements in the shortest
amount of time. Likewise, the comparison of IRES-based polycistronic
expression with a 2A-based expression system highlights if the exchange of
these linker regions provides tangible advantages beyond the simple reduction in
overall system size and repetition of large sequences of DNA in the plasmid
vectors. It was not expected that these initial investigations would lead directly to
the development of improved /ux function in the mammalian cellular background,
but instead, that they would provide the framework for moving forward with the

first steps of what will hopefully one day be a rich history of lux development.
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Materials And Methods

Replacement of IRES elements with 2A elements

Synthesis of 2A elements

To determine if the IRES element linking together the luxA and luxB genes
in the original pLuxag construct was detrimental to transcriptional/translational
efficiency, it was replaced with a synthetic 2A element. This sequence was
previously characterized by Ibrahimi et. al (Ibrahimi, Velde et al. 2009), and was
flanked by two identical sequences composed of three glycines, a serine, and
three more glycines. The final construct was synthetically assembled as
GGGSGGGEGRGSLLTCGDVEENPGPGGGSGGG and placed upstream of the
luxB gene commercially (GeneArt). The purchased construct was cloned into
pLuxag using the upstream EcoNI and downstream Sall restriction sites to
replace the IRES element, creating the pTa2A,.xas plasmid, which contained a

CMV promoter, the luxA gene, the Ta2A linker region, and the luxB gene.

Transfection of HEK293 cells

Transfection was carried out in six-well Falcon tissue culture plates
(Thermo-Fisher). The day prior to transfection, HEK293 cells were passaged
into each well at a concentration of approximately 1 x 10° cells/well and grown to
90 — 95% confluence in complete medium. The previously described
pLuXcpesp:CO/pLuxas or pLuXcoem:WT/pLuxag vectors (Close, Patterson et al.

2010) as well as the pTa2A,xas plasmid were purified from a 100 ml overnight
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culture of E. coli using the Wizard Purefection plasmid purification system
(Promega). On the day of transfection, cell medium was removed and replaced
and vector DNA was introduced using Lipofectamine 2000 (Invitrogen). Twenty-
four h post-transfection, the medium was removed and replaced with complete
medium supplemented with the appropriate antibiotic. Selection of successfully
transfected clones was performed by refreshing selective medium every 4 - 5d
until all untransfected cells had died. At this time, colonies of transfected cells
were removed by scraping, transferred to individual 25 cm? cell culture flasks,

and grown in complete medium supplemented with the appropriate antibiotics.

in vitro bioluminescent measurement

Total protein was extracted from co-transfected pLuxcpesp:CO/pLuxag or
pLuxcpemp:WT/pLuxag cell lines (Close, Patterson et al. 2010) or the pTa2Auxas
transfected cell line using a freeze/thaw procedure. Cells were first grown to
confluence in 75 cm? tissue culture flasks (Corning), then mechanically detached
and resuspended in 10 ml of PBS. Following collection, cells were washed twice
in 10 ml volumes of PBS, pelleted and resuspended in 1 ml PBS. These 1 ml
aliquots of cells were subjected to three rounds of freezing in liquid nitrogen for
30 sec, followed by thawing in a 37°C water bath for 3 min. The resulting cell
debris was pelleted by centrifugation at 14,000g for 10 min and the supernatant
containing the soluble protein fraction was retained for analysis.

Bioluminescence was measured using an FB14 luminometer (Zylux) with

a 1 sec integration time. To prepare the sample for in vitro bioluminescent
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measurement, 400 ul of the isolated protein extract was combined with 500 pl of
either oxidoreductase supplemented light assay solution containing 0.1 mM
NAD(P)H, 4 uM FMN, 0.2% (w/v) BSA and 1 U of oxidoreductase protein isolated
from V. fischeri (Roche), or oxidoreductase deficient light assay solution (distilled
water substituted for the 1 U of oxidoreductase protein). Following the initial
bioluminescent reading, samples were amended with 0.002% (w/v) n-decanal
and the readings were continued to determine if additional aldehyde could
increase light output. All bioluminescent signals were normalized to total protein
concentration as determined by BCA protein assay (Pierce) and reported as
relative light units (RLU)/mg total protein. All sample runs included processing of
cell extracts from HEK293 cells stably transfected with pLuxas as a control for

light expression upon amendment.

Results

in vitro supplementation assays to determine efficiency of gene function in

vivo

Supplementation with NAD(P)H:flavin oxidoreductase protein

Previous work with the /ux system in lower eukaryotes has shown the initial
substrate, FMNH,, to be a limiting reagent in the reaction (Gupta, Patterson et al.
2003). To determine if this was the case in HEK293 cells, in vitro

supplementation assays were performed with the addition of 1 U of
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NAD(P)H:Flavin oxidoreductase protein isolated from Photobacterium fischeri.
Protein extracts from cells containing the /ux genes in either their codon-
optimized or wild-type forms were subjected to in vitro analysis to determine if the
addition of oxidoreductase protein could improve light output. Upon addition of
the flavin oxidoreductase protein, the average bioluminescent output increased
from 1,400 (+ 200) RLU/mg total protein to 111,500 (+ 10,500) RLU/mg total
protein in pLuxcpemp:WT containing cells (Figure 18A) and from 1,600 (+ 200)
RLU/mg total protein to 245,000 (+ 20,500) RLU/mg total protein in pLuxcpesp:CO

containing cells (Figure 18B).

Supplementation with aldehyde

The synthesized co-substrate required for light production in the lux
system is a long chain aliphatic aldehyde that binds to the luciferase and is
oxidized (Meighen 1991). The ability, conferred by the luxCDE genes, to produce
and recycle the aldehyde substrate endogenously makes /ux a uniquely
beneficial reporter system. To assay for the production of aldehyde, cell extracts
were supplemented with 0.002% (w/v) n-decanal, as this has previously been
shown capable of functioning in place of the natural aldehyde substrate (Dunn,
Michalis et al. 1973; Meighen, Bogacki et al. 1976; Gupta, Patterson et al. 2003;
Szittner, Jansen et al. 2003; Patterson, Dionisi et al. 2005). When supplied with
aldehyde, both the pLuxcpesp:WT and pLuxcpemp:CO containing cell extracts

showed increases in bioluminescent output. Cell extracts from wild-type
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Figure 18. Supplementation assays demonstrating the functionality of the luxCDEfrp
genes in the mammalian cell environment.

Supplementation with 1 U oxidoreductase protein significantly increased light output in cell
extracts from (A) wild-type and (B) codon-optimized cell lines. Supplementation with 0.002% n-
decanal resulted in increased bioluminescent output in both the (C) wild-type and (D) codon-
optimized cell extracts as well, but at a lower magnitude than oxidoreductase supplementation.
Values are the average of four trials, and are reported with the standard error of the mean.
Originally published in (Close, Patterson et al. 2010).
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containing cells showed an increase from 1,400 (+ 200) RLU/mg total protein to
22,000 (+ 1,500) RLU/mg total protein (Figure 18C). Extracts from
codon-optimized cells increased from the baseline of 1,600 (+ 200) RLU/mg total

protein to 94,000 (+ 10,800) RLU/mg total protein (Figure 18D).

Determination of bioluminescent output from HEK293 cells containing 2A

linked luxAB genes

Five cell lines were recovered that stably expressed the 2A linked luxAB
gene sequences following transfection with pTa2A;xas. These five lines were
subjected to in vitro analysis to determine if they were capable of producing more
light than approximately equal numbers of cells stably expressing the IRES
linked luxAB gene sequences from pLuxag. It was determined that the average
bioluminescent signal from cells containing 2A linked lux genes was ~5500 (
3700)% greater than that from cells with IRES linked /lux genes. The major
contributing factor to the large standard error of the mean was a single cell line
that achieved 20,500% greater bioluminescent production than the pLuxag
control (Table 11). When excluded from the calculations, this reduced the
average bioluminescent production to ~1,800 (+ 230)% over IRES linked gene

expression.
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Table 11. Bioluminescent expression from in vitro expression of luxA and luxB genes
linked by 2A elements is consistently higher than that of IRES linked /uxA and /uxB genes.

Bioluminescent Output
(RLU/mg Protein)p % of Control
IRES linked /uxA / luxB 1,719,940 N/A
2A linked JuxA / luxB #1 21,103,893 1,227
2A linked /luxA / luxB #2 35,885,713 2,087
2A linked luxA / luxB #3 29,711,493 1,728
2A linked /luxA / luxB #4 352,781,297 20,511
2A linked luxA / luxB #5 38,499,816 2,238
HEK Neg 3,736 0
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Discussion
Although the codon-optimized /ux system is functioning at a level capable

of producing bioluminescent detection under a wide array of conditions, it is clear
that concentrations above the available levels of either the FMNH, (Figure 18 A
and C) or aldehyde substrates (Figure 18 B and D) will result in increased
bioluminescent output. However, an increase in aldehyde production can be
cytotoxic, as has been demonstrated in luxAB containing S. cerevisiae and
Caenorhabditis elegans cells (Hollis, Lagido et al. 2001). This may lead to a
scenario where the luxCDE containing cells that most efficiently produce the
aldehyde substrate are selected against during the initial period of growth
following transfection with luxCDEfrp due to slowed growth and/or elevated
cytotoxicity. The increased presence of aldehyde may therefore cause those
cells capable of most efficiently producing aldehyde to inhibit their own growth,
mimicking the effects of antibiotic selection and causing them to be out-competed
in culture by cells expressing lower levels of aldehyde production. Mathematical
models of the lux system have indicated that the production of light is much more
sensitive to the aldehyde turnover rates modulated by the luxCE genes
responsible for encoding the reductase and synthase that convert the myristyl
acid to a myristyl aldehyde than it is to the concentration of luciferase dimer
formed by the luxAB genes responsible for catalyzing the reaction and facilitating
the production of light. The model predicts that a reduction in the concentration
of the luxC or luxE gene products will lead to a drastic reduction in light output

(Welham and Stekel 2009). If true, then it is hypothesized that the cytotoxicity of
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aldehyde within the cell may be a non-issue in regards to selecting cell lines that
can function in bioluminescent imaging assays. Cells with cytotoxic levels of
aldehyde production will be removed early in the selection process due to slow
growth rates and inability to compete with faster growing cell lines during the
antibiotic selection phase following transfection. Similarly, cells with low levels of
luxCDE expression will not generate high levels of bioluminescence during in
vitro screening of luxCDEfrp containing cell lines. This would tend to encourage
only the selection of cell lineages capable of producing just enough aldehyde to
drive the lux reaction, but not enough to impair cellular growth and function, as
platforms for biosensor development. Experiments aimed at determining if
expression of the lux cassette genes (and, by extension, the products of their
associated reactions) altered cellular metabolism and growth rates have
supported these predictions.

As shown in Figure 18, the availability of FMNH, appears to contribute as
a limiting reagent for the lux reaction in a mammalian cell environment.
Supplementation with as little as 1 U of oxidoreductase protein in vitro led to
relatively large (up to 151-fold) increases in bioluminescent output levels, while
supplementation with 0.002% n-decanal produced less substantial (up to 58-fold)
increases in light production. When supplemented with additional
oxidoreductase protein to drive the turnover of FMN to FMNH>, the average
production of light increased by 82-fold in wild-type cell extracts (Figure 18A) and
by 151-fold in extracts from cells containing codon-optimized /ux genes (Figure
18B). The increases in light production attributed to additional FMNH, were
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consistently of greater magnitude than those associated with aldehyde
supplementation. The highest increase in light output achieved through addition
of n-decanal was 58-fold in cells containing codon-optimized genes (Figure 18D),
compared with only a 16-fold increase in light output from cell extracts co-
transfected with the wild-type genes (Figure 18C). These results suggest that
codon optimization of the remaining luxCDE genes from P. luminescens allows
for more efficient processing of the available substrates in the mammalian cell
environment, but does not allow for production levels that rival the ideal
conditions of in vitro substrate supplementation where the bioluminescent output
would be limited only by the efficiency of the LuxAB luciferase dimer. When
supplemented with identical levels of aldehyde, cell extracts containing codon-
optimized luxCDEfrp genes were able to produce over four times as much light
as those containing the wild-type genes (Figure 18 C and D). A similar result
was obtained under oxidoreductase supplementation, with extracts from the
codon-optimized cell lines producing over twice as much light as their wild-type
counterparts (Figure 18 A and B).

The data also indicate that the use of IRES elements is a contributing
factor for inefficient bioluminescent expression in the mammalian cellular
background. As demonstrated in Table 11, exchanging the IRES element for a
2A element lead to increased bioluminescent output in all cell lines that were
stably isolated. It is important to note that during the process of Lipofectamine-
based mammalian cell transfection, it is not possible to effectively control the
location of gene insertion into the genome, nor is it possible to regulate the
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number of integration events that take place. Taken together, these factors can
help to explain the large discrepancy in bioluminescent output between clone
number 4 and the remaining pTa2A,xas transfected cell lines. It is conceivable
that the resulting increase in bioluminescent production from cell line number 4 is
the result of multiple luxAB gene insertions into the parental cell genome.
Assuming all of these insertions remain under the control of the constitutively
active CMV promoter, this will afford the cell with multiple locations for
simultaneous production of LuxAB protein. Because all cell lines were tested in
vitro, each was supplied with an identical level of the remaining required
substrates for bioluminescent production. Under these circumstances, the cell
line expressing the most LuxAB protein would be capable of producing the most
light.

To compare and contrast the light output data, all readings are normalized
to the total soluble protein concentration from each cell line. This method does
not allow for determination of the total amount of Lux protein expression or even
the ratio of Lux protein to endogenous protein available during the assay. As a
result, there is no way to calculate if the increase in bioluminescent production is
the result of multiple insertion events during the course of transfection, or if it is
the result of increased up regulation of luxAB gene transcription due to their
location within the genome. An additional explanation is that the luxAB genes
transfected into clone number 4 were inserted into a euchromatic region of the
genome as opposed to a more heterochromatic portion, or that they inserted
near another strong promoter, which has caused them to be expressed at even
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higher levels then would be found under the control of the CMV promoter alone.
This explanation is less likely, however, because recent work has demonstrated
that the CMV promoter is one of the most active promoters known in the HEK293
cellular environment (Qin, Zhang et al. 2010).

Regardless of the genetic reasons underlying the heightened
bioluminescent production of clone number 4, it is important to note that the
remaining 2A containing clones averaged ~1,800 (+ 230)% over their IRES linked
counterparts. This increase was relatively consistent (x 230%), indicating that
increases in this range should be routinely achievable when IRES elements are
exchanged for 2A elements. Although it is not yet known whether exchanging
the IRES elements governing the expression of the remaining lux genes will have
similar effects on autonomous bioluminescent expression, it is clear that the use
of 2A elements are an attractive alternative due to their smaller size and

increased efficiency at driving downstream gene expression.
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CHAPTER VI

Summary And Conclusions

This investigation has lead to the development and documentation of the
first published autonomously bioluminescent reporter system capable of
functioning in the mammalian cellular environment. This type of system can be
employed either in tandem or in replacement of traditional bioluminescent and
fluorescent mammalian imaging systems such as firefly luciferase (Luc) and
green fluorescent protein (GFP) to provide investigators with an additional tool for
the interrogation of biological function in cell culture or small animal based
imaging experiments. Although the mammalian-adapted bacterial luciferase (/ux)
system has not yet been subjected to enhancement and optimization, it can be
deployed in its present state and used for the acquisition of data under protocols
similar to those currently in place for alternative bioluminescent reporter proteins.
The following conclusions have been drawn from this investigation in regards to

the initial hypotheses:

Hypothesis 1: Through a process of poly-bicistronic expression of
Photorhabdus luminescence genes codon-optimized for expression in
mammalian cells it will be possible to autonomously produce a

bioluminescent signal in the human HEK293 cell line.
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It has been shown that poly-bicistronic expression of codon-optimized P.
luminescence lux genes is capable of inducing constitutive bioluminescent
production in the human HEK293 cell line. The codon optimization process was
not shown to alter the pattern of bioluminescent expression over time as
compared to expression of the wild-type genes, however, it has been
demonstrated that the codon-optimization process leads to increased
bioluminescent production. This increase is presumably due to the enhanced
efficiencies in transcription and translation associated with the codon optimization
process (Kim, Oh et al. 1997; Slimko and Lester 2003; Mechold, Gilbert et al.
2005; Barrett, Sun et al. 2006). Despite the production and regeneration of
potentially cytotoxic substrates required for constitutive bioluminescent
production, the expression of codon-optimized lux genes has not been shown to
negatively effect the growth rate of their host cells as compared to untransfected
control cells. The production of a stable bioluminescent signal without a
corresponding reduction in cellular growth rate has confirmed our initial
hypothesis that continuous bioluminescent production is possible in the HEK293

cell line using codon-optimized /lux gene sequences.

Hypothesis 2: Bioluminescent expression driven by codon-optimized
bacterial luciferase genes will allow improved temporal detection of signal
compared to bioluminescent signal from firefly luciferase and fluorescent
signal from green fluorescent protein in HEK293 cell culture and nude

mouse models.
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The bioluminescent signal resulting from expression of the mammalian-
adapted /ux genes is stable over prolonged time periods as compared to that of
substrate dependent luciferase proteins and therefore allows for detection at
multiple time points throughout the life of the host cell. While multiple signal
detection is possible using repeated luciferin injections with alternative
bioluminescent systems, the lux system allows for increased resolution by
circumventing the requirement for luciferin clearance from the host prior to
secondary image acquisition. This allows investigators using the /ux system to
achieve greater resolution of their visualized process by virtue of increasing the
total amount of images they can obtain within a given time period. In addition,
the substrate independent nature of the lux system provides investigators with a
larger window for imaging small animal hosts by freeing them from the
requirement of imaging at the same time point post substrate addition in order to
accurately compare data obtained from multiple time point studies. These major
considerations are all above and beyond the alleviation of standard concerns
related to the efficiency and consistency of substrate injection that must be
considered for any experiment utilizing conventional, exogenous luciferin-
dependent bioluminescent systems.

While these concerns can also be avoided by imaging with a fluorescent
imaging target, the lux system has the advantage of producing a bioluminescent
signal with relatively low background in the mammalian cellular environment. As
such, the lux system has proven to require a lower reporter cell population in
order to successfully differentiate the signal from background light detection in
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both cell culture and small animal imaging conditions than its fluorescent
counterpart GFP. These combined advantages support our hypothesis that lux-
based bioluminescent expression provides an improved system for temporal
detection of signal as compared to the Luc and GFP systems, however, this
statement must be considered in light of the relatively decreased bioluminescent
flux of the lux system in its current state. Both the Luc and GFP systems display
a greater photonic flux than does the /lux system for an equal number of cells.
When imaging in the mammalian cellular environment, this is especially
important because the increased flux can overcome the negative effects of
scattering and absorption of detection signal photons due to endogenous
chromophoric material (Chance, Cope et al. 1998; Welsh and Kay 2005). For this
reason, the lux system may not always be an ideal choice of reporter for
mammalian imaging, especially if the detection signal is originating from depths
lower than a few millimeters of tissue. Under these conditions the advantages of
a higher flux system such as Luc may outweigh the disadvantages imposed by
its requirement for exogenous substrate addition. The choice of an appropriate
reporter system must therefore be made on a case-by-case basis at the

discretion of the investigator.

Hypothesis 3: By regulating the expression of the /JuxC and IuxE genes
from the bacterial luciferase gene cassette it will be possible to construct a
bioluminescent reporter capable of responding to changes in target analyte
presence autonomously and in a near real-time manner.
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This investigation has demonstrated the proof-in-principle work showing
that regulation of the luxC and luxE genes under control of a tetracycline
response element is capable of regulating bioluminescent production in a dose-
response fashion, concurrent with administration of the activator chemical
doxycyline. Unfortunately, the results did not demonstrate a relatively large
increase in bioluminescent production in response to doxycyline treatment, nor
did they show induction of bioluminescent production across a wide range of
doxycycline concentrations. While the results obtained indicate that a
tetracycline receptor-based, luxC and luxE regulated biosensor is not yet ready
for routine laboratory use, they do show that regulating the production and
regeneration of the myristyl aldehyde substrate within the mammalian cellular
environment is a suitable method for controlling bioluminescent production from
the host cell. These results can serve as a springboard for future optimization
and design of lux-based bioreporters capable of responding to mammalian

bioavailable target analytes.

Hypothesis 4: HEK293 cells constitutively expressing bioluminescence
through expression of the codon-optimized bacterial luciferase genes will
be capable of acting as real-time biosensors to determine the mammalian
bioavailability of toxic chemicals.

Exposure of constitutively bioluminescent HEK293 cells to the cytotoxic
aldehyde n-decanal demonstrated a reduced level of bioluminescent production
from cells exposed to concentrations at or above 0.01% of the toxicant. This
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level of treatment is in line with previously published reports for aldehyde toxicity
(Rogers and McElroy 1958), supporting the hypothesis that continuously
bioluminescent cell lines can be developed into successful screening tools for
detection of mammalian bioavailable cytotoxic chemicals. The most important
finding from this line of inquiry is that fluctuations in bioluminescent production
can be detected during periods of transition from good to poor cellular health.
The ability to detect these transition periods is intrinsic to the autonomous nature
of the lux reaction. While it would be possible to visualize these fluctuations
using other bioluminescent reporter systems such as Luc, the costs and logistical
concerns related to the constant perfusion of luciferin would make these assays
unfeasible for both basic and high throughput screening applications.

Similarly, detection of these transition periods would prove problematic
using the commonly available fluorescent reporters, but for different reasons.
The short time period repeated imaging necessary to obtain the resolution
required for viewing small fluctuations in fluorescent production would entalil
repeated administration of fluorescent excitation signals. If not provided with a
suitable recovery period between excitation signal applications, the fluorescent
reporter system could succumb to photobleaching, thereby rendering the results
suspect (Widengren and Rigler 1996).

In addition, both the fluorescent reporter proteins and the non-/ux
bioluminescent reporter proteins derive their resulting photon production signal
from access to an exogenously supplied signal (either an excitation light signal
for fluorescent reporters, or a chemical luciferin addition for bioluminescent
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reporters). As a result, they would remain capable of producing an emission
signal regardless of changes in cellular health and metabolism, so long as the
reporter protein has not been degraded beyond use. This makes it challenging
to link changes in their resulting light expression signals to changes in cellular
health over relatively short time scales. Because the lux system is responsible
for continuously producing and regenerating its substrates using endogenously
available cellular materials it will be more adversely affected by changes in
cellular function than the alternative reporter systems would be over the same
time scale. This imparts a greater level of detection resolution to the lux system
than would be available for a similarly designed Luc or GFP-based system.
While additional work will be required before the mammalian-adapted /ux system
can be employed for high throughput mammalian bioavailability toxicology
screening, the results demonstrated here suggest that it has excellent potential

for use in this field.
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