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Abstract The unique and stunning spectroscopic properties of Green
Fluorescent Protein (GFP) from the jellyfish Aequorea victoria, not to
mention of its remarkable structural stability, have made it one of the most
widely studied and used molecular tool in medicine, biochemistry, and cell
biology. Its high fluorescent quantum yield is due to its chromophore, structure
responsible of emitting green visible light when excited at 395 nm. Although
it is noteworthy that there is enormous available information of the wonderful
luminescent properties of GFP, the fact is that there are features and properties
unexplored yet, particulary about its capabilities as molecular reporter in several
biological processes. In this work, we used recombinant DNA technology to
express the protein in bacteria; prepared the bacterial system both in liquid
and solid media, and assembled an experimental set to expose those media to
a laser beam; thereby we excited the protein chromophore and used emission
spectroscopy in order to observe variations in fluorescence when the bacterial
system is exposed to different temperatures.

Keywords: green fluorescent protein; bacterial systems; bacterial temperature;
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1.INTRODUCTION

The green fluorescent protein (GFP) is widely known in science and technology,
providing a useful tool that spans through all branches of biological sciences
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and many other fields. The encoding gene for wild-type GFP (wtGFP) was first
cloned and expressed from the jellyfish Aequorea victoria [7], whose study
enabled the characterization of the proteins responsible for the bioluminescence.
Although this characteristic can be found in a great variety of sea organisms,
the wtGFP from Av possess singular features such as stability and the fact that
its chromophore is formed by autocatalytic cyclization compelling only oxygen
for its maturation and fluorescence, which has an emission peak at 509 nm in

the visible spectrum [5]. Its tertiary structure is a great design of nature because
it executes complex chemical processes in ultrashort times; it is composed of 11
antiparallel beta strands, and inside this beta structure there is an alpha helix in
the structure center, which encloses the chromophore as shown in Fig. 1.

Such characteristics represent great advantages, especially in molecular
biology, where it can be used as a marker for proteins of interest since the
structure and function of the involved proteins remain normal [9], which has
empowered the study of biological processes with real time resolution.

The fact that GFP is not an enzyme highlights the possibility of its use in
species that serve as environmental pollution biomonitors since Fluorescent
Proteins (FPs) do not modify at any level the physiological mechanisms of the
cell [8].

Moreover, one of the most common uses of GFP is as biological marker, which
is classified as a passive application, considering that only reflects expression

Figure 1: GFP tertiary structure. It is composed of an alpha helix (red) in the structure
center with the chromophore (circle) and 11 antiparallel beta strands (yellow)
surrounding it. Residues 65-67 (Ser-Tyr-Gly) in the GFP sequence are the fluorescent
chromophore.
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levels and subcellular localization of a protein of interest. In contrast, if FPs are
bounded to other proteins where fluorescence depends on the environmental
conditions, the creation of sensors capable to monitor more complex intracellular
processes is more likely to develop in order to obtain values such as activity and
cascade signaling display, pH changes, calcium and potassium levels, voltage,
second messenger dynamics, enzymatic activation, protein-protein interactions
and conformational changes, which are classified as active indicators [8].

Within the most important applications up to date, is the development
of non-invasive techniques using FPs as thermal nanoprobes pretending
the gathering of accurate data related to the monitoring of intracellular
temperature changes in individual cells in real time, such temperature
is obtained through the monitoring of the fluorescence polarization
anisotropy [4]. Due to the important role of heating in cell processes
like metabolism, cell division and gene expression, to name but a few,
this technique results promising since the accurate monitoring of single
cells could lead to the control of the aforementioned processes and
thus favoring not only its clarification in a complex level, but also the
advent of new applications in biology and medicine. For such purposes,
a variety of techniques like fluorescence spectroscopy have been created
simultaneously with FPs, providing the necessary tools for science in order
to perform probes at a molecular level in living cells [2]. Accordingly,
the last few years have been dedicated to the constant development of
techniques that allow the use of light to reveal structures even smaller
than those previously referred in the literature as the bottom limit [1]. Said
this, the evolution of both FPs and fluorescence spectroscopy has been
made imminent, triggering the study of in vivo processes like never seen
before in biology and biophysics, collecting information about kinetic
parameters responsible for the affluence and distribution of proteins
in cells and tissues [6]. There are many articles that contemplate the
aforementioned techniques in their studies, which trend currently leads
towards the optimization of FPs with higher excitation wavelengths [2],
distinct life times and photo switchable proteins that change colors or
photoactivable proteins that change emission intensity following a single
light irradiation pulse.

METHODS
2.1 Expression and purification of GFP

GFP was expressed in competent Escherichia coli cells, HB101 K-12 strain,
with pGLO plasmid as follows: Individual E. coli colonies grown in solid LB
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medium (4%) were transformed with 10 pL. of pGLO plasmid (0.08 pg/mL)
in 250 uL of transformation solution (50 mM CaCl,, pH 6.1) and 250 pL of
liquid LB medium (4%). An osmotic and temperature shock was performed
to obtain recombinant cells; cells were incubated on ice for 10 min followed
by 50 s at 42 °C and incubated again on ice for 2 min. Hereafter cells were
cultured in selective solid LB medium (4%) supplemented with ampicillin (0.1
g/L) and L-arabinose (5 g/L) at 37 °C for 24 h. GFP expression was verified

using a 395 nm wavelength UV lamp. Individual recombinant E. coli colonies
were incubated in tubes with 2 mL of LB/amp/ara broth (4% LB, ampicillin
(0.1 g/L) and L-arabinose (2 g/L)) on an orbital shaker at 32 °C for 24 h and
200 rpm. After protein expression, cells were harvested by centrifugation at 20
°C for 5 min and 14 800 rpm, and resuspended in 250 pL of Tris-EDTA buffer
(TE; 10 mM Tris, 1 mM EDTA, pH 8.0). The cells were lysed by incubation
with lysozyme followed by freezing for 24 h. Cells were thawed in hot water
and then centrifuged at 20 °C for 10 min and 14 800 rpm; the supernatant was
used for protein purification with Macro-Prep®.

GFP was purified at room temperature on columns of hydrophobic
interaction chromatography (8 x 40 mm) pre-packed with methyl resins and
pre-equilibrated with 2 ml of equilibrium buffer (2M (NH,),SO /TE, pH 8.0).
250 pL of binding buffer (4M (NH,),SO/TE, pH 8.0) and 250 pL of wash
buffer (1.3 M (NH,),SO,/TE, pH 8.0) were used for each 250 pL of supernatant
followed by 750 uL of TE as elution buffer. All reagents were obtained from
BioRad.

2.2 Evaluation of temperature and fluorescence

The experimental samples consisted of bacterial colonies expressing GFP in
solid LB medium, including ampicillin as a selectable marker and arabinose
as an inducer. For this system, two control samples were used; the former was
equivalent to the experimental, except for arabinose, so the bacterial colonies
did not express the protein; the second consisted only of solid medium, without
bacterial growth. Similarly, for the liquid medium system, the first control
sample consisted in liquid medium without arabinose, so that the bacteria
remained without expressing the protein, and the second control consisted
exclusively of liquid medium.

We used the radiation of a 405 nm CW laser (Fermion I Series, coupled
to an optical fiber) with an average output power of 100 mW to excite each
sample. By using a laser beam expander we increased the size of the circular
laser beam up to 2 cm in diameter to optimize the laser power density at the
focal point. This beam expander was adjusted with micrometric displacement
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to correct the divergence of the laser beam. The incident beam wave was
directed toward a ¢ = 2.54 cm diameter, f = 10 cm effective focal length plano-
convex lens; the beam was subsequently directed to the samples and controls
placed in a 1 cm path length quartz cuvette filled to 1 ml. The focus of the
beam is made so that the beam waist hits the center of the sample, as it is
shown in Fig. 2.

The temperature variation of the transformed bacterial system was
measured by implementing a quartz cuvette with a capacitive sensor (LM35
temperature sensor) immersed in the medium (by isolating the sensor wires
with an epoxy resin). Such sensor was connected to a sensor microcontroller
and data acquisition board (Arduino Board Yun) with open-source hardware
(OSH), free and open-source software (FOSS), and USB communication. The
intensity of both the laser source and the fluorescence emissions of the samples,
were measured with a spectrometer (USB4000-UV-VIS Ocean Optics), by
scanning from 200 to 1100 nm. The end of the optical fiber coupled to the
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Figure 2: Experimental setup. The samples were placed in a quartz cuvette that was
enabled for measuring temperature. The GFP expressed in bacteria was excited by a
violet 405 nm laser, and the fluorescence emission was monitored with a high resolution
spectrometer. (BE) Beam expander, (FHB) Free Hardware Board, (FM) Fluorescence
monitor, (L) Lens, (OF) Optical fiber, (QC) Quartz cuvette, (S) Spectrometer, (TM)
Temperature monitor, (TS) Temperature sensor.
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spectrometer was placed 1 mm away from the wall of the quartz cuvette and
perpendicular to the laser axis.

Both the free hardware board and the spectrometer were connected to a
PC for experimental data acquisition and manipulation. To achieve a desired
temperature, the samples were placed in incubation and cooling to keep them
in a range between 4°C and 37°C. Verification of the surface temperatures
were carried out with an infrared thermometer.

3. RESULTS AND DISCUSSION

One ml of purified GFP in TE solution at different concentrations was submitted
to laser irradiation with temperature variations between 10°C and 25°C; the
corresponding emission spectrum was determined, and is shown in Fig. 3. In
order to fit such spectrum, we used Lorentz functions to lately corroborate that
the maximum emission peak is located at 510 nm with a bump at 540 nm, as
reported in the literature [3].
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Figure 3: Emission spectrum of purified GFP. The adjusted curves show a maximum
emission peak at 509nm (yellow) and a bump at 540 nm (green). The resulting curve
(red) is the overlap of both Lorentzian curves.
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The fluorescence spectrum of proteins depends on both the amino
acid composition and the conformational state. Previous studies show
that fluorescence intensity depends on factors such as pH, the amount of
dilute oxygen in the medium and the number of transformed bacteria [10];
however, for a system with equal physicochemical conditions is important to
acknowledge the fluorescence variation in function of temperature as it is a
factor that enables the monitoring of unfolding processes in proteins.

Samples with transformed bacteria in solid medium were prepared and
incubated at 37°C whilst others were kept refrigerated at 4° C for 12 h. The
fluorescence was verified until samples reached room temperature (22°C); no
significant difference was found in the registered spectra for both samples.
Moreover, bacteria in liquid media samples were prepared under same
conditions above mentioned, and the emission spectrum displayed a decrease
in the fluorescence intensity as the temperature was increased. This difference
became more evident in the range of temperature between 15°C and 25°C. The
fitted curves to the spectra are shown in Fig. 4.
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Figure 4: Fitting of the emission spectra of GFP expressed in bacteria in liquid
medium, where a decrease in fluorescence as the temperature increases can be
noted.
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4. CONCLUSIONS

GFP is one of the most important and widely accepted molecular markers
of biological processes, so it is particularly important to analyze its thermal
stability and behavior in bacterial systems as it allows to establish conditions
under which such protein can play reliably its role as molecular reporter. The
outcomes found in this experiment enabled the analysis of the fluorescence
changes in the GFP expressed in bacteria when temperature was increased

from 15°C to 25°C, showing that the energy-structure relation between the
three amino acids that shape the chromophore and the rest of the protein is
more stable in solid medium than in liquid medium. In the latter medium,
fluorescence decreases as temperature increases; we assume this phenomenon
is explained in terms of the chromophore thermo-sensitivity at this temperature
range, and presumably is due to the partial increment of the fluctuations in some
of its regions. This is a significant fact for the function of GFP as a molecular
reporter, since its fusion with other proteins converts its fluorescence in a
quantifiable parameter in order to study the folding, and even the enzymatic
activity, of thermophile proteins in bioprocesses where temperature changes
are imminent.
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