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The aim of this study is to create novel pH reporting probe for use in intracellular stud-
ies of thermophiles using superfolder green fluorescent protein. The strains were
screened based on ratiometric spectral characteristics. For comparison of results, we
have used deGFP mutant which is the best fluorescent protein based ratiometric probe
currently available.  The work was conducted in different steps including site directed
mutagenesis, transformation and cloning, protein expression and spectral measurements.
Mutations were created using overlap extension PCR method. We have demonstrated
the influence of mutations T203C, H148G and C48S on both expression and spectral
characteristics of “superfolder” GFP. sfGFPp1 with mutation T203C is selected as best
strain from our study based on ratiometric spectral property.  The linear emission re-
sponse  of  sfGFPp1  at  physiological  pH  range  is  very  significant.  To  the  best  of  our
knowledge, except sfGFP, all the fluorescent proteins reported are unstable at high tem-
peratures. This study demonstrated the stability of sfGFP and the newly developed vari-
ant sfGFPp1 at 70°C while retaining its pH sensitivity making it the only fluorescent
protein  based  pH  sensor  for  thermophilic  conditions.  . In vitro emission of sfGFPp1
respective to various pH at 70°C is matching emission calibration curve against pH at
normal temperature. In vivo emission of sfGFPp1 shows better ratiometric characteris-
tics compared to original superfolder GFP. Thus, T203C mutation along with superfold-
er mutations has unlocked GFP to become a successful probe in reporting intracellular
pH of thermophiles.
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1. INTRODUCTION

In 1962, Green fluorescent protein became the first fluorescent molecule identified in a
living organism Aequorea Victoria (Heim and Tsien, 1996). Scientists Osama
Shimomura, Martin Chalfie and Roger Tsien were awarded Nobel Prize in 2008 for the
discovery and development of GFP (Nobel Media, 2013). Photoprotein aqueorin in A.
Victoria emits blue luminescence which is converted into green emission by green fluo-
rescent protein in the presence of molecular oxygen (Heim et al., 1994; Ranieri et al.,
2009). But only thirty years after its discovery, the potential of GFP in molecular stud-
ies understood when GFP was independently cloned and expressed in another organism
(Prasher et al., 1992; Pedelacq et al., 2005). The major advantage of GFP in expression
of other organisms is its independent expression without need for any catalytic molecule
from A. Victoria (Pedelacq et al., 2005) and protected structure of its chromophore
against  many quenchers.  The  chromophore  of  GFP is  made  up  of  three  amino  acids  -
Ser65, Tyr66 and Gly66 which is present inside cylindrical  barrel structure of GFP
and covalently attached to -helix strand; three dimensional structure of GFP has stud-
ied using X ray crystallographic method (Yang et al., 1996).  Later with the aid of new
molecular handling techniques, the structure and functionality of GFP have been studied
for greater extent (Ranieri et al., 2009). Many mutants of GFP were created which has
modified spectral properties and chemical properties. Now there are GFP derived pro-
teins available from spectral region blue to red (Pedelacq et al., 2005; Matz et al.,
1999). Apart from genetic expression of GFP in various organisms, the application in
bioengineering field became broader like monitoring protein-protein interaction (Caban-
tous et al., 2005; Wilson et al., 2004), intracellular ionic concentration (Stauffer et al.,
1998) and receptor interaction (Lippincott-Schwartz et al., 2003).

Proton concentration inside the cell plays major role in controlling cellular me-
tabolisms, detailed study on effects of pH is important in industrial and therapeutic ap-
plications (Kellokumpu et al., 2002). Furthermore, the distribution of pH among differ-
ent parts inside the cell is not uniform for example, mitochondria maintains little alka-
line pH whereas vesicles maintains more acidic to digest peptides on exocytosis (Abad
et al., 2004; Jahn et al., 2003). There are many organic dyes available for reporting in-
tracellular studies but those dyes often cause cell damage through photo and chemo tox-
icity (Ranieri et al., 2006). But GFP variants has been proved for better reporting and
sensing probe which can be expressed in almost any part of the organism without caus-
ing any toxic effects (Zhang et al., 2002). Moreover, GFP suits the ideal characteristics
as intracellular reporter molecule such as accuracy in spatial and temporal dynamics
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inside the cell (Ranieri et al., 2009). Even though, more than two decades spent in intra-
cellular pH studies, there are no significant probes available for studying thermophile
metabolism and genetic expression. For many years, thermophiles has occupied major
role in many industrial applications like enzyme production, downstream processing.
But only few strains were subjected to laboratory studies due to less availability of de-
tailed methods to study its proteomics and genomics (Zhang et al., 1999). Thus devel-
oping any probe which promotes the study of molecular processes of thermophiles is
highly inevitable.

The property of GFP has been changed by mutagenesis for different sensing and
reporting  properties.  Notably,  S65T  (EGFP)  mutation  is  one  of  the  major  amino  acid
changes which proved that the mutation can cause significant change in protein’s physi-
co-chemical properties like ionization state (Kneen et al., 1998), emission intensity,
thermal property (Ranieri et al., 2006) and change in pKa value (Elsliger et al., 1999).
EGFP were the first variant noted for pH responsive absorption and emission character-
istics (Kneen et al., 1998). The acidic pKa range (5.8) of EGFP was further changed by
mutations which yielded neutral (pKa 7.1) strains called as “Ecliptic” pHluorins (Sanka-
ranarayanan et al., 2000). First evolved variants of GFP through mutagenesis were non-
ratiometric in absorption and emission properties. However, those firstly emerged vari-
ants had provided strong basis for understanding protein’s protonation mechanism,
spectral shift and ionic dependency (Ranieri et al., 2006). There were models namely
single-site model and two-site model developed which explains the protonation path-
ways of GFP’s chromophore (Hess et al., 2004).

 In pH sensitive experiments non ratiometric strains had certain drawbacks like
inaccuracy in fluorescence signal relative to proton concentration and unable to predict
spatial resolution of molecular process in live cell. In 1998, Miesenbock et al., catego-
rized a GFP variant called “Ratiometric pHluorin” with mutation S202H which showed
increased emission 460 nm range when pH is below 5.5 and consecutive decrease in
anionic emission range. Furthermore, experimenting GFP with different combinations
of amino acid change yielded many ratiometric probes with specific characteristics. In-
terestingly, first major dual emission variant engineered was named as dual emission
GFPs  (deGFP)  which  showed  higher  emission  at  460  nm  range  relative  to  low  pH
(George et al., 2002). Crystal structure analysis of deGFPs suggested strong influence
of mutations T203C, H148G and S65T on coupling between E222 and chromophore
which affects the ionization state of protein (Ranieri et al., 2009). Apart from the advan-
tageous of deGFPs like clear pH calibration curve, pKa range 7.2 suitable for in vivo
studies, there are drawbacks like poor emission, noisy background signal and low ex-
pression level (George et al., 2002). To improve ratiometric probes, Ranieri et al, in
2006, engineered EGFP variant with red shifted mutation T203Y which also had good
characteristics for ratiometric probe in live cell experiments. The motivation in engi-
neering GFPs kept on increasing due to its scope for many new applications.
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The ability of mutations were proved again through engineering “superfolder”
GFP (sfGFP) which folds well when even fused to poorly folding peptides (Pedelacq et
al., 2006). Emerging new molecular techniques using GFP employs more number of
applications for fusion proteins (Reid et al., 1997; Waldo et al., 1999). Superfolder GFP
is  the  only  variant  of  GFP  which  folds  3.5  times  faster  than  folding  reporter  GFP
(frGFP) (Felipe et al., 2009). There were series of mutations involved in creating sfGFP
namely S30R, Y39N, Y145F, I171V and A206V along with cycle3 mutations F99S,
(M153T, and V163A) and EGFP mutations (F64L and S65T). Furthermore, it is report-
ed that sfGFP also has greater stability against denaturants and higher circular permuta-
tion (Pedelacq et al., 2006). Apart from 100% refolding efficiency of sfGFP, its folding
and stability at extreme temperature was also studied (Felipe et al., 2009). Protein local-
ization at thermophiles using GFP promotes new targeting and tracking techniques in
thermophilic organisms (Felipe et al., 2009). But the pH reporting characteristics of
sfGFP has not been studies till now. In this study, we made an attempt to engineer dual
emission characteristics in sfGFP in order to successful introduction of ratiometric pH
probe for in vivo thermophilic studies.
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2. THEORITICAL BACKGROUND

  Overview of Fluorescence2.1

2.1.1 A brief History and introduction

Sir John Frederick William Herschel in 1845 reported fluorescence from quinine solu-
tion for the first time, he stated that “Though quinine solution exhibits transparent and
colorless when held between the eye and the normal light or a white object, it yet exhib-
its in certain aspects, and under certain incidences of light, an extremely vivid and beau-
tiful celestial blue color” (Herschel, 1845).  Interestingly, the first discovered substance
quinine stands till date as one of the best examples for fluorescent subjects and used for
creating first spectrofluorometer in 1950s (Undenfriend 1995).

The term Luminescence refers to emission of light from any substance which
occurs in electronically excited state. The light produced by chemical and biological
processes is called as chemiluminescence and bioluminescence respectively (Joseph,
2006). When the light incident on a substance involves absorption of some photon by its
molecules, which is enough to transfer its electron from ground state to higher energy
level is called excited state. Based on the nature of excited state, luminescence is divid-
ed into two categories namely: Fluorescence and phosphorescence. Depending on the
nature of substance, molecule from excited state will restore back to ground state
through losing absorbed energy by emission of heat or light or structural change.

Even though, fluorescence or phosphorescence is the radioactive decay process
in  which  the  amount  of  absorbed  photon  is  released  to  reach  ground state,  both  differ
owing to its lifetime. Fluorescent lifetime of a substance is the average time taken by its
molecule to restore from excited state to ground state (Ana luiza et al., 2009). Fluores-
cence has lifetime nearly 10 ns (10 × 10-9 s), whereas phosphorescence lifetime is rather
slower and varies from milliseconds to seconds or even several months to years.
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2.1.2 Jablonski Diagram

Professor Alexander Jablonski was a physicist,  musician and soldier during world war
and is regarded as father of fluorescence spectroscopy for his contribution in defining
the processes between absorption and emission of light and defining the term anisotro-
py, which is used to describe polarized emission of a solution (Acta, 1978).  Jabloski
diagrams are referred as the basic steps towards understanding the absorption and emis-
sion spectra and there are many forms available depending on molecular processes in
excited state (Jablonski, 1935).

Figure 2.1 Example of jablonski diagram (picture adapted from chapter 1, Joseph, 2006)

Figure 2.1 explains the major parts of jablonski diagram like energy state, vari-
ous energy levels, major events like fluorescence and phosphorescence etc. S0, S1 and S2

are singlet ground state, first and second electronically excited states, respectively.  De-
pending on fluorophore there exist different energy levels for each state, for example 0,
1 and 2 for ground state (S0 in figure 2.1). Absorption occurs for the time period of 10-15

s; a time too short for significant displacement of nuclei called Franck-Condon principle
(Joseph, 2006).

Following the absorption of light, fluorophore is excited to the higher energy
levels. During the course of relaxation, substance follows fluorescence emission which
occurs at 10-8 s.   Internal conversion is a rare event which leads to fluorescence by rap-
idly relaxing to lowest energy levels of S1 and happens closely till 10-12 s or less, since
fluorescence starts from this point.  It is proved that fluorescence occurs in thermally
equilibrated excited state, which is lowest energy level of first excited state S1.

Emission from T1 or triplet state is called phosphorescence, which occurs for
longer wavelength. Molecules in S1 state spinning around into triplet state is called in-
tersystem crossing, and it is the state which doesn’t emit the absorbed light immediately
like fluorescence, so immediate transformation into singlet ground state is forbidden
(Joseph, 2006). Bromine and iodine are examples for frequent phosphorescent sub-
stance.
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In excitation of substance, light source is considered as more ideal than heat en-
ergy. In figure 2.2, absorption and emission spectrums of perylene and quinine solution
are presented. For example, in spectrum of perylene, emission and absorption maximum
is 1500cm-1 wavenumber apart, and emission occurs at lower energy and in equilibrium
between two states S1 and S0, it is not possible to create enough excited molecules cloud
at room temperature but increasing temperature cause larger energy difference between
two  excited  states  S1  and  S0 (Joseph, 2006; Berlman, 1977).  Moreover, the spectro-
scopic event takes place when the singlet ground state and S1 are in thermally equilibri-
um state. Hence, light creates smaller energy difference between these two states S0 and
S1 than heat.

Figure 2.2 Absorption and emission of perylene and quinine presented against wavenumber (cm-1) (pic-
ture adapted from chapter 3, Berlman, 1977)

2.1.3 Significant Characteristics of Fluorescence and its application

2.1.3.1 Stokes shift

 Energy loss for the fluorescent molecule was first reported by Professor Stokes in 1852
from University of Cambridge. The phenomenon of fluorescence occurring only in low-
er energies of absorption spectra or at higher wavelength is called stokes shift and it is a
common phenomenon for all fluorophores (Stokes, 1852). Energy difference between
excitation and emission rays is due to energy decay of higher energy level to lower en-
ergy level and properties of solvent. Earliest demonstration of stokes shift by Professor
Stokes was through a simple experimental setup, where a glass of quinine solution was
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introduced  to  sunlight  with  a  glass  window  as  excitation  filter  and  a  glass  of  yellow
wine as emission filter in between observer and quinine solution. Glass window limits
the sunlight by only allowing the rays of shorter wavelength (400nm) to pass thorough,
therefore quinine solution which has 450nm as excitation wavelength get excited to
produce blue color (Berlman et al., 1977). In his later works, he demonstrated many
methods to identify many organic compounds through absorption, fluorescence and
colored reflection.

Major application of stokes shift is its ability to interpret solvent-fluorophore in-
teraction and predict the solvent binding site of macromolecule (Lakowicz et al., 1995).
This stokes shift property of a fluorophore is determined by its chemical structure, po-
larization nature and side-chain confirmation (Haugland et al., 2002). By understanding
this property, supports the specific selection of buffer based on its buffering capacity in
bimolecular research (Joseph, 2006).

2.1.3.2 Mirror image rule between emission and excitation spectra

In 1926, Kasha’s rule reported that the excitation wavelength doesn’t alter the emission
spectrum of fluorophores (Kasha, 1985). During excitation, the excess energy is dissi-
pated; it might be due to the strong overlapping between the energy levels to maintain
equilibrium and shorter relaxation time of about 10-12 s. Due to this reason, many fluor-
ophores emission spectra of the range from S1 to  S0 are mirror image of absorption
spectra. This is also due to emission that occurs largely from the relaxation of lowest
energy level of S1 to singlet ground state S0. Upon absorption and emission, the transi-
tion between energy levels follows reciprocal process, so it presents symmetric spec-
trum in nature. According to Frank codon principle all transitions occurs with no time to
change in position of nuclei and it results in reciprocal transition between lowest vibra-
tional level of 1st and 0th state (Lakowicz et al., 1982). But there are some exceptions in
mirror image rule, for example anthracene. Exception to mirror image rule is also due to
some pH sensitive compounds exhibiting different spectral properties upon pH change,
for example, pH-sensitive fluorophore 1-hydroxypyrene-3, 6, 8-trisulfonate (HPTS) gets
ionized at low pH levels and due to decreased dissociation constant (pKa) it gives dif-
ferent emission spectrum rather than mirror image of absorption spectrum (Birks et al.,
1973). Some poly nuclear hydrocarbons form complex at excited state which gives un-
structured emission, these complexes are also called as exciplexes. Thus, the relation
between absorption and emission spectra is influenced by structural confirmation, ioni-
zation nature and excited state behavior of fluorophore (Lakowicz et al., 1982; Joseph,
2006). Accordingly, linear graphical relation between excitation and emission spectra of
pH sensitiveness of a fluorophore can be plotted.
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2.1.3.3 Fluorescence Lifetime and quantum yield of a fluorophore

Quantum yield is number of emitted photons relative to number of photons absorbed
(Joseph, 2006). It is a significant property of fluorophore, because substance which has
high quantum yield has brighter fluorescence for example, rhodamines. There are many
analytical methods devolved using quantum yield and lifetime calculation in sensing
and other photochemical experiments.

Quantum yield is the ratio of the number of photons emitted to the number of
photons absorbed. It is given in the below equation (Joseph, 2006).

, = +

Where,  and knr is the rate constants of radioactive and non-radioactive decay
respectively.

Fluorescence lifetime is the average time spent by molecules in the excited state
before returning to ground state. It also depends on the time taken by fluorophore re-
spective with its environment interaction to produce fluorescence. For many fluoro-
phores, fluoresce lifetime is nearly 10 ns (Joseph, 2006).

Fluorescence life time, =

Stokes rule suggests that the emitted energy is less than absorbed due to stokes
shift of energy, so non-radioactive decay constant is mostly close to unity or less than .
Thus calculating emissive rate of fluorophore leads to calculation of quantum yield and
lifetime (Birks et al., 1973). Radioactive decay rate can be calculated by the following
equation but the method is constantly upgraded for more accuracy (Strickler et al.,
1962).

= 2.88 × 10
( ) (

( ) ( /

Where, F (v ) and ¯v is the emission spectrum and absorption spectrum on
wavenumber scale respectively, n is refractive index of the medium (Joseph, 2006).

2.1.3.4 Fluorescence Quenching and its timescale

Even though each fluorophore has unique photo-chemical properties of its own, upon
experimental environment there are more external factors that influence fluorescence.
Such factors decrease the fluorescence intensity and lifetime, which is called fluores-
cence quenching. The major quenching is due to molecular collision between fluoro-
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phore and solvent elements, which is called collision quenching. Solvent elements
which suppress fluorescence activity are called quenchers. Biological fluorophores like
GFP which are present inside a cell or tissue has less substituted to these kinds of mo-
lecular collisions; hence fluorescence decrease due to quenching can be neglected.
There can be anything acting as quenchers for example, oxygen, halogen, pH, amines
etc. In collisional quenching there is no molecular alteration, but fluorophore returns to
ground state due to diffusive gathering of quencher.

Ster-Volmer equation is used to calculate the decreased effect in fluorescence.
The equation is given below (Joseph, 2006).

= 1 + [ ] = 1 + [ ]

Where K is Stern-Volmer quenching constant, kq is biomolecular quenching
constant,  is unquenched lifetime and Q is the concentration gradient of quencher.

Sometimes fluorophores form complex with quenchers, which restrict it to get
excited and is called static quenching. The basic idea of studying quenching is to predict
the molecular dynamics of solvent respective to photonic properties. Usually quenching
through molecular interactions is less common in absorption spectrum, due to the fact
that absorption occurs at no time to change the position of nuclei according to Franck
codon principle. The timescale of absorption spectra is 10-15 ns; therefore the absorption
spectrum reveals only information of molecules which are very adjacent to it and the
average molecules that absorb the light at singlet ground state. Contrastingly, fluores-
cence occurs for longer period of time (about 10 ns), so there is enough time scale for
molecular interactions. Thus collision quenching can be noted only in emission spec-
trum, oxygen, acrylamides and halogens are best examples for quenchers. Unlike
ground state, fluorophores at excited state form dipole and interact through rotational
diffusion;  this  kind  of  interaction  is  called  solvent  relaxation  which  occurs  at  10-10 ns
(Joseph, 2010).

Effects of quenching gathered large attention in scientific community, due its
greater influence on emission intensity of fluorophores. Biological fluorophores has
higher degree of dependency on the presence of molecular quenchers and this property
also aids to detect the movement of biological fluorophore in complex environment
(Haugland et al, 2002; Joseph, 2006). In creating mutation in protein, quenching study
is necessary to predict the effect of mutation in porosity of the protein structure. For
example, in GFP, the mutations like T203Y, H148G are making the protein’s emission
responsive to molecular quenchers (Romoser et al., 1997; Piotr et al., 2012).
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2.1.3.5 Fluorescence anisotropy

Professor Jablonski first coined the term anisotropy in the study of polarization effects
in fluorescence, which has become significant property of fluorescence in biochemical
studies.  Light is an electromagnetic wave, which oscillates through the field it travels.
Light can be polarized by polarizers which has wide applications in photonic studies.
When the polarized light used for excitation, emission occurs which is called photo se-
lective emission, this polarized light provides screening of fluorophores molecules to be
excited (Joseph, 2006). Fluorophores get excited when its dipole plane is parallel to the
direction of polarized light. Fluorescence spectra of such emission reveal more molecu-
lar dynamic process. The term anisotropy (r) and polarization (P) can be explained
through following equation.

= ||

|| + 2

= ||

|| +

Where ||  are vertical and horizontal fluorescence intensities emitted by
polarized light.

Anisotropy values for more viscous solution are higher because of less dis-
placement in the fluorophores. In contrast, fluorophores suspended in non-viscous solu-
tion tends to rotate during emission leading to low anisotropy. In recent protein studies,
proteins are subjected to bind macromolecule or other surface to neglect rotational dif-
fusion. In that case, anisotropy can be expressed by following equation (Berberan-
Santos 2001).

=
1 + ( )

Where r0 is  the  anisotropy  in  absence  of  rotational  diffusion,  is fluorescence
lifetime, is rotational correlation time for diffusion.

Anisotropy measurement has various applications in studying protein structure
and shape. In recent years, there are many antibodies, which are studied for its binding
properties through fluorescence anisotropy. It gives accurate information on molecular
volume, forming complex with other molecules and biochemistry of molecular assays
(Lakowicz et al., 1994).
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2.1.3.6 FRET

Resonance energy transfer (RET) or Fluorescence resonance energy transfer (FRET) is
the overlapping region between absorption and emission spectrums of different fluoro-
phores. In other words, FRET is the radiation-less transfer of energy which doesn’t re-
quire intermediate proton and can also be non-fluorescent. Firstly, German scientist
Theodor  Förster  described  the  phenomenon  as  RET;  it  is  also  called  as  Förster  reso-
nance energy transfer. The fluorescent fluorophore is called donor and fluorophore with
overlapping absorption spectrum is called acceptor (Figure 2.3). Close proximity be-
tween fluorophores, parallel dipole orientation and overlapping spectrum between ac-
ceptor and donor are preliminary conditions for FRET. Donor and acceptor interact only
through dipole coupling, and not through emission and absorption.  The rate of energy
transfer ( ( )) can be explained by following expression. FRET is dependent on dis-
tance between donor and acceptor, solvent nature and lifetime of fluorophores.

( ) =
1

Where r is distance between donor and acceptor,  is Förster distance and is
lifetime of donor in absence of acceptor.

Figure 2.3 Schematic representation of FRET (image adapted from Time and Stefan, 2014).

FRET analysis of biomolecule provides precise information on distance between
donor and acceptor. Efficiency of energy transfer is directly related to distance and ori-
entation between them. So, the diameter of biomolecules can be calculated using FRET
analysis. Moreover, interaction between two different fluorophores and its binding na-
ture in solution can be predicted. Förster distance is the distance between donor and
acceptor when energy transfer is 50%, and it is between 15-60Å for most macromole-
cules (Stryer et al., 1978; Joseph, 2006).
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2.1.4 Measurement systems

2.1.4.1 Steady state and time resolved measurements

The fluorescence can be measured by two different methods namely steady state meas-
urement and time resolved measurement (Joseph, 2006). Steady state measurement is
the earliest and simple measurement, which has conventional measurement principle
and setup. In steady state measurement, from the excited sample the emission is moni-
tored constantly and the average intensities of fluorescence by sample as whole is
measured. In time resolved measurement, sample is monitored as a function of time
after excitation by a short pulse of light; the measured value gives the decay of limited
number of fluorophores. The basic difference between these two methods is represented
in figure 2.4. Time resolved measurement can be used to measure sample size and
shape. Due to complexity in nano scale measurement, time resolved measurement re-
quires more sophisticated instruments but rather useful considering the accuracy on ani-
sotropy experiments.

Figure 2.4 Schematic representation of steady state and time resolved measurement. A. Steady state
measurement records with constant illumination and the steady state is maintained constantly throughout
the observation. B. Time resolved experiments records intensity decays with small exposure time to illu-
mination. C. Steady state maintained constantly with time in steady state measurement. D. Intensity decay
or anisotropy decay lasts for few nano seconds (picture adapted from Joseph, 2010).

A B

C D
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 Overview of green fluorescent protein2.2

It took centuries after introduction of fluorescence studies, to identify a fluorescent sub-
stance in a living organism. Scientists Osama Shimomura, Martin Chalfie and Roger
Tsien were awarded Nobel Prize in 2008 for discovery and development of first living
protein from a jelly fish Aequorea Victoria since 1962 (Nobel Media, 2013).. Biolumi-
nescence of photoprotein aqueorin from A. Victoria is originally blue in color, but its
associated protein named green fluorescent protein turns it to green color. Shimomura
later identified the gene coding for GFP and characterized its crystal structure. Fluores-
cence is emitted from the chromophore of GFP which is covered by -barrel sheet of
peptides. The major property of GFP is the tendency of its polypeptide chain to sponta-
neously fold nature after its expression in the cell and it doesn’t require any enzymatic
activity (Chalfie et al., 1994; Niwa et al., 1996). Due to its protected chromophore
structure, GFP had gained the name for good photostablity, high quantum yield and
environment stable.

After thirty years of GFP study, in 1992, Prasher successfully cloned and ex-
pressed GFP in E.Coli (Prasher et al., 1992). Subsequent experiments using GFP yield-
ed new mutants of GFP with enhanced spectral properties (Inouye et al., 1994; Tsien
RY, 1998). It can be expressed alone or even as hybrid with other protein. Expression of
GFP is proved in many species ranging from single cell organism to mammals.  The
independent expression and stability of GFP had promoted numerous research interests
and became the most studied fluorescent protein in recent years (Wiedenmann et al.,
2009). Sometimes it is said that GFP is a biological torch to sense large or minute bio-
logical process (Patterson et al., 1997). The continuous increase in fluorescent studies
has resulted in many fluorescent proteins from other sea species like sea corals and sea
anemones being identified (Matz et al., 1999). However, some non-fluorescent proteins
from sea when found, many proteins discovered from sea are photoactivable and are
useful for new molecular studies (Nienhaus et al., 2009).  DsRed from Anthozoa corals
has been identified as potential element to increase the diversity of spectral studies
(Miyawaki et al., 2002). Interestingly, the first identified GFP (sometimes called as
avGFP) from A. Victoria has advantage over several photochemical proteins of other
fluorescent proteins (Pakhomov et al., 2008).
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2.2.1 Chemical structure of GFP

The choromophore (p-hydroxybenzylidene-imidazolidone) of GFP is covalently linked
to its -sheet barrel and it consists of amino acid residues serine–tyrosine–glycine resi-
dues at 65-67 forming the chromophore of 238 amino acid protein (Cubitt et al., 1995).
The crystal structure of GFP is made up of 11 -barrel strands of polypeptide arranged
like a cylinder and -helix strand running through its center (Brejc et al., 1997). The
choromophore is present inside the center of this cylinder which is shown in figure 2.5.

Figure 2.5 Structure of green fluorescent protein with its chromophore at center (side and top view) (pic-
ture adapted from chapter 3, Joseph R, 2010).

The formation of GFP as fluorescence protein doesn’t require any enzyme from
its origin organism A.Victoria (Ward at al., 1982). After the expression of polypeptide
GFP inside the cell,  it undergoes step by step folding process and cyclization to form its
tripeptide chromophore (Reid et al., 1997). The chromophore of GFP is responsible for
flourescence of GFP by simple oxidation process; it is proved by expressing GFP
anaerobically which is non fluorescent but structurally similar (Wachter, 2007).

 The  process  of  chromophore  formation  is  also  termed  as  maturation  of  GFP
which requires only molecular oxygen. Backbone condensation of amino acid residues
Ser65, Gly67 and oxidation of Tyr66 to didehydrotyrosine are the proceses involved in
choromophore maturation (Figure 2.6). Arg96 is proved to be a promoting factor in
fluorophore formation. Chromophore is covalently connected to its -helix strand and R
group of first 64 and last 170 residues. Imidazolinone core is common in all fluorescent
protein.
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Figure 2.6 Spontaneous formation of fluorophore by cyclization, dehydration and oxidation process of
residues Ser65, Tyr66 and Gly67 (picture adapted from Nifosi et al., 2012).

2.2.2 Fluorescent properties of GFP

The spectral properties of GFP are unique and dynamic compared to other fluorescence
substances. It is known for its high natural photo stability and quantum yield. GFP
shows absorption peak at three different wavelengths 278 nm, 397 nm and 510 nm
(Figure 2.7). Existence of aromatic amino acids in all molecules exhibits absorption at
278 nm, but the major peak at 397 nm and minor peak at 510 nm are the major unique
characteristics of GFP. The pH concentration influences the height of peaks; at low pH
the minor band is completely depleted and vice versa. Phenolic group of Tyr 66 residue
of chromosphere gets protonated at 397 nm and deprotonated at 510 nm. Nitrogen and
carbonyl oxygen group of imidazolinone gets deprotonated at both peaks (Bell et al.,
2000). Emission spectrum of GFP shows peak at 510 nm and quantum yield 0.79.
Chromophore is responsible for excited state proton transfer (ESPT) and respective re-
lease of its anionic form (Chattoraj et al., 1996).  GFP exhibits two states in spectrum
such as, protonated form with excitation maximum at 397 nm and unprotonated form
with absorption maximum at 477 nm.

Even though, there are many fluorescent proteins identified from other species,
GFP still maintains its significance in scientific research because of protected chromo-
phore by its outer structure. The stability and orientation of chromophore affects physi-
co-chemical and spectral properties. Precise change in amino acid near chromophore
has shown significant results in fine tuning GFP for necessary sensing property (Mark et
al., 2005). It leads to introduction of new varieties of GFP mutants and its homologous
proteins.
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Figure 2.7 Absorption (dashed line), excitation (dotted line) and emission (solid line) of GFP at room
temperature and pH 8 (Kummer et al., 1998).

2.2.3 Mutants of GFP and other fluorescent proteins

Even though, wild type GFP gene cloned in other organisms gained significance in sci-
entific research, the protein had certain downsides like poor folding at 37°C, less photo
stability, excitation maximum near UV spectral range and quantum yield, dual emission
peak etc (Pedelacq et al., 2005; George et al., 2002) . It was a spectacular approach for
molecular biology, to identify the importance of mutation towards optimizing spectral
properties of GFP. At first it was reported by Heim with co-researchers, when they in-
troduced mutation S65T to GFP coding sequence in 1995 (Heim et al., 1995). The mu-
tation S65T increased the folding several times faster, provided stability at higher tem-
peratures, shifting excitation peak from 395nm to 489nm and providing high quantum
yield. Consecutively, incorporation of amino acid change F64L along with S65T gave a
stable protein at higher temperatures which was named as enhanced GFP (EGFP)
(Kneen et al., 1998). In many mammals cell research, EGFP had been studied as report-
er and delivery tool. The major advantage of GFP in microbial and mammalian cells
research is its non-toxicity towards sub cellular process and its diverse reaction to mo-
lecular process (Kneen et al., 1998).

In recent years, GFP mutants with modified spectral properties and chemical
properties have been engineered. In modifying spectral properties, GFP ranging from
spectrum blue to red is available now (Table 2.1). In FRET studies, multicolor fluores-
cent protein gained significance for its spectral divergence in reporting protein-protein
interactions. Even though, many colored variants have less quantum yield and pH sensi-
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tivity, they have specific useful properties, for example, BFP is prone to photo bleach-
ing but useful in FRET analysis and multicolor studies.

Apart  from  spectral  diversity  of  GFP,  it  has  proved  as  significant  sensing  ele-
ment in biomedical research. It is possible to incorporate GFP with any vector to deliver
any part of the tissue or organ. At first, the thermal stability of GFP mutant increased
from 28°C to 37°C through mutation F64L, and also had increased fluorescence intensi-
ty (Cormack et al., 1996). As pH and temperature are major factors in living organism
research, interest towards best behaving mutants of GFP in those conditions increased
dramatically. Blue fluorescent protein (BFP) has been reported as novel strain in report-
ing intracellular pH 5 to 7, but it lacked photo stability and temperature stability
(Wachter et al., 1997).

Table 2.1 Availability of green fluorescent protein variants in spectral range between blue to red.

Color Protein
Name

Excitation
(nm)

Emission
(nm)

pKa Reference

Blue BFP 381 445 5.3 Yang et al., 1997
EBFP 383 448 5.3 Ai et al., 2007

Cyan ECFP 434 and
445

476 and 503 4.7 Kneen et al.,
1998

mCerulean 433 and
445

475 and 503 4.7 Rizzo et al., 2004

Green EGFP 488 509 6.0 Kneen et al.,
1998

sfGFP 485 510 5.5 Pedelacq et al.,
2006

deGFP 485 512 7.2 George et al.,
2002

Yellow EYFP 514 527 6.9 Bizzare et al.,
2008

E2GFP 408 and
473

508 and 523 7.0 Bizzare et al.,
2008

GdFP 457 574 Prajna et al.,
2008

Citrine 516 529 5.7 Patterson et al.,
2001

Red mRFP 484 607 4.5 Campbell et al.,
2002

R10-3 555 585 Mishin et al.,
2008

mPlum 590 649 <4.5 Wang et al., 2004
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Halide sensitivity of GFP has been studied with certain mutants. Mutations
T203Y/S65G/V68L/S72A displaced the GFP emission from green to yellow region of
spectrum and was named as yellow fluorescent protein (YFP) (Piotr et al., 2012). Apart
from advantage of increased intensity of fluorescence, YFP has also showed better hal-
ide sensitivity with mutation H148Q (Cormack et al., 1996). T203Y mutation in EGFP
has also been studied for significant halide and chloride sensitivity inside the cells (Piotr
et al., 2012).

2.2.4 Development of Superfolder GFP

A group of researchers made sequence of six mutations in EGFP, which yielded a new
variety of GFP with higher folding efficiency when even fused to poorly folded poly-
peptides and this modified fluorescent protein is named superfolder GFP (Pédelacq et
al., 2006). It has also showed higher stability to environmental changes and improved
tolerance of circular permutation. Major motivation in developing folding efficacy was
due to the misfolding variants of GFPs when fused with other peptides (Pédelacq et al.,
2006, Waldo et al 1999).  Even though, wtGFP had been improved for better sensing
and reporting studies from its time of discovery, all the available mutants are better re-
porting probe only when expressed alone (crameri et al., 1996). Recent studies are more
interdisciplinary which leads to more hybrid studies of GFP linking with other proteins,
chemical moiety, or nano particles (Nakayama et al., 2003). But many sensing mole-
cules are incapable of reporting and expressing alone. Expressing those molecules with
available strains of GFP often expressed reduced fluorescence, aggregation, and wrong
folding, which are very much prone to its environmental changes (Peeelle et al., 2001).

 It was a successful effort taken by Jean-Denis and his colleagues to select best
fluorescent strain from incorporating different mutation combinations along with poorly
folding N-terminus polypeptide addition. X-ray crystallographic studies were used to
combine and prove results from already available variants. Mutation was created by
random DNA shuffling and screening of bright strains in each cycle. Final superfolder
GFP had the mutations S30R, Y39N, Y145F, I171V and A206V along with cycle3 mu-
tations F99S, (M153T, and V163A) and EGFP mutations (F64L and S65T) (Figure 2.8).
Different variants like BFP, CFP and YFP were also tested consecutively for results
comparison (Pédelacq et al., 2006). X-ray crystallographic evidences shows that muta-
tion S30R plays major role in increasing folding efficiency. Superfolder showed quan-
tum efficiency 0.65 and molar extinction coefficients 8.33×104 M-1 cm-1.
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Figure 2.8 Schematic representation Superfolder GFP mutations (white circles) along with cycle3 muta-
tions (dark circles) and EGFP mutations. (Picture adapted from Pédelacq et al., 2006).

In recent studies, superfolder GFP has shown significant results in periplasmic
protein localization (Thuy et al., 2011). Other variants of GFP have failed previously in
these studies because of misfolding during protein transport to periplasmic region. As
perisplasmic region of E.coli and other cells are highly oxidative environments, even
stable variants like EGFP failed to transport reporting molecules due to less folding ef-
ficiency. Superfolder has been shown as a stable delivery tool in oxidative environments
(Aronson et al., 2011). In another study, superfolder exhibited tenfold increase in fold-
ing efficiency and 100% folding back after denaturation (Benjamin et al., 2007). Split
protein studies were considerably increased using GFP variants, where protein can be
engineered in such a way that it can be photoactivable at specific events (Kaddoum et
al., 2010). Some mutations in superfolder GFP have showed ideal characteristics in re-
porting protein-protein interaction (PPI) (Jun et al., 2011). Eventually, increased num-
ber  of  studies  on  GFP variants  provide  basis  to  explore  significance  of  special  amino
acids in 238 amino acid sequence of GFP. Except few important amino acids like Arg96
which play an important role in auto-cyclic formation of three dimensional structure of
GFP, all other amino acids have the possibility to be changed and cause significant ef-
fect in changing protein spectral and physical characteristics (Miyawaki et al., 2003).

 Significance of pH in living environments2.3

The basic definition of pH is negative logarithm of hydrogen ion activity in water, but
understanding pH in biological environments is influenced by other aspects like proton
to buffer component ratio, weakly acidic and basic cell components, amino acid side
chain contents etc (for review, Rick et al., 2011). In biological environment, biomole-
cules donate or take protons from its environment, so depending on the local molecular
events pH inside the cell vary from region of a single cell to whole organ. Let us con-
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sider cytosol as a buffer which constitutes proteins and other substituents and, almost all
proteins are either weakly acidic or basic in nature (Pick et al., 1990). Predicting the pH
behavior of cytosol depends on buffer capacity ( ) of each ingredient. Buffer capacity is
the  amount  of  strong  base  or  acid  needed  to  change  pH  by  1  unit  (Srivastava et al.,,
2007). Majority of living cells employ exchange of CO2 for maintaining this buffer ac-
tivity, due to free diffusive nature of CO2 (Rick et al., 2011).

 Proteins play various functions inside the living cell like signaling, transporting,
reporting etc. (Wang et al., 1997). pH influences all the interactions of protein such as
movement of substances between cell surface to cell organelles, ionic current flow
(Hunte et al.,2007) and cellular contractibility (Fliegel, 2005). Thus, pH becomes a
basic factor influencing the entire metabolism throughout the cell cycle (Srivastava et
al., 2007).  In eukaryotes, mainly NHE proteins play major role in maintaining pH by
transferring H+, OH- or  HCO3

- in and out across the membrane (Wakabayashi, 2006).
Living cells control cytoskeletal movement through organizing pH along with some
receptor activation and enzymes which supplies energy molecules (Kapus et al., 1999).

Exocytosis is one of the major events influenced by pH, because interior lumen
of synaptic vesicles exhibits acidic pH during the process (Jahn et al., 2003). Exocytosis
is the movement of metabolites or other cellular substance through vesicles to the outer
surface. Endocytosis is the transportation of metabolites into the cell for subcellular
pathways. Both endocytosis and exocytosis have pH influence for association and dis-
sociation of molecules or ligands (Mellman and Warren, 2000). The study of sodium-
potassium ATPase and chloride channels explains effects of pH during different stages
(Rybak et al.,1997).  The movement of metabolites across the cell membrane is con-
trolled by phosphorylation or carboxylation, because most of the biological environ-
ments maintain neutral pH, in which all water soluble metabolites entering into the cell
gets ionized by phosphorylation or carboxylation in order to prevent role back to its
environment (Davis, 1958). For example, glucose molecule turned charged by phos-
phorylation in glycolysis pathway (Rick et al., 2011).  Determination of pKa values for
each metabolites and buffer components could define the pH behavior of particular cell
(Milletti et al., 2009).

Distribution of pH is not uniform in all region of cell; the subcellular organelles
have specific pH. For instance, mitochondrial region has little alkaline pH which affects
the life cycle of cell. Mitochondrial research has become mainstream focus in studying
cell’s life cycle and programmed cell death called apoptosis (Abad et al., 2004). Pro-
teins are transporting and reporting molecules in many cellular metabolisms including
mitochondrial expression. These protein interactions are deeply controlled by pH. Stud-
ies on tumor cells have revealed change in pH respective to normal pH range
(Kellokumpu et al., 2002). Even protein folding pathways are deeply influenced by pH,
because amino acid side chain affinity towards substrates is pH dependent (Pace et al.,
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1990). Moreover, enzymes are made up of peptide sequence which influence the entire
cellular metabolism and influence of pH in enzymatic activity have been studied (Akke,
1990). For example, in glycolytic pathway, effects of pH have been studied to improve
enzyme efficiency (Van Hoek, 1998).

Lipids contribute to the major role in cellular metabolism; it acts as membrane
and energy storage molecule. It is basically hydrophobic and amphiphilic nature in or-
der to form cell wall, vesicles etc. Ketoacyle and isoprene are the two building blocks of
lipids (Rajakumari et al., 2008). In mammals, excess lipids are stored in specific muscu-
lar compartments which will be converted into glucose when necessary.  Lipid metabo-
lism is controlled through transcriptional regulation of enzymes and polarization. Proton
concentration affects the affinity between lipids and enzymes. For example, pH change
of 0.5 units determines the affinity between transcriptional regulator Opi1p and Phos-
phatidic acid (PA) near endoplasmic reticulum of yeast cells (Young et al., 2010). So
lipid is one of the major biological molecules influenced by minor change in pH (Rick
et al., 2011).

2.3.1 pH compartments inside the cell

In eukaryotic cell, each organelle is involved in different metabolic activities.  Maintain-
ing pH homeostasis along the cell is necessary for cellular metabolism (Figure 2.9). For
example, mitochondria generate ATPase and acts as main power generator and signal-
ing molecule generator of the cell, moreover, it maintains slightly alkaline pH. To main-
tain homeostasis, each organelle releases protons to its environment through its lumen
receptors and vice versa.  It is primarily regulated by Na+/ATPase along plasma mem-
brane and provides room for Na+/H+ exchangers to maintain homeostasis in cytosol
(Casey et al., 2010). In compartmentalization, protein also plays a major role to main-
tain ionic homeostasis through side chain reactions (Chan et al., 2006). Vesicles play a
major  role  in  endocytosis  and  exocytosis  pathways  and  the  processing  of  peptides  in
vesicles reportedly requires acidic pH, thus even a small change in vesicular pH leads to
protein misfolding (Carnell et al., 1994).
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Figure 2.9 pH regulators and different pH compartments in eukaryotic cells (for reviews see Rick et al.,
2011).

2.3.2 Behavior of E.coli and other bacteria with pH homeostasis

Suspended medium pH is highly important in all bio-molecular and live cell studies.
Maintaining pH is one of the strategies of E.coli against environmental stress, e.g. some
halophiles produce hydrogen to maintain metabolism in saline environment (Anniina et
al., 2013). E.Coli maintains neutral pH range inside the cell throughout its lifecycle, but
in order to maintain pH homeostasis, it generates large proton gradients respective to
outside pH (Padan et al., 1981). However, some acid tolerant fermentative bacteria pro-
portionally decrease internal pH along when outside pH decreases, because maintaining
pH gradient consumes more energy which will affect fermentation process (Kobayashi
et al., 1986).  Different species employs specific mechanism against pH, but even
strains within same species evolve itself differently against its own environment. Gram-
positive and gram-negative bacteria has been extensively studied for its pH behavior
and some neutrophils exhibit same growth in little alkaline medium also (Rius et al.,
1994). Maintaining large pH gradients increases organic acid anions inside the cell
(Russell et al., 1992). Lactic acid bacterial strains are tolerant to intracellular acidic en-
vironments which also facilitate increased tolerance to pathogens. Furthermore, these
lactic acid bacteria are reported to be dynamically changing its intracellular pH relative
to its environment (Henrik et al., 2000). Each bacterial strain involves different mecha-
nisms in maintaining pH gradient such as proton-trans locating ATPase (Hong et al.,
1999), Cytoplasmic buffering capacity (Hutkins et al., 19993), cell membrane permea-
bility (Henrik et al., 2000).
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 Development of pH sensitivity of GFP variants and2.4
superfolder GFP

Self-catalytic  property  of  wild  type  GFP to  form three  dimensional  structures  without
the need of enzyme promoted it to clone and express in different cells. GFP was proved
to be a successful reporter and sensing molecule in non-invasive experiments without
toxic effects to host. With the aid of modern spectral and structural studies, it was able
to track down characteristics of amino acid to photo-chemical property of GFP. There
are many mutations found to be associated with spectral shift, temperature, pH, ligand
interactions, ionic concentration, transporting property etc. As a result, GFP variants
such as EGFP, YFP, BFP, and superfolder GFP are commercially successful in different
applications (Yang et al., 1996). These successful mutants are also sensitive to pH to
certain extent, so the interest towards creating GFP mutants with different pH reporting
property increased rapidly in both in vitro and in vivo experiments.

The chemical structure of GFP is largely dependent on amino acid residues and
its side chain confirmations. These amino acids employ free proton release from its
chromophore, which is responsible for fluorescence. Therefore, any change in amino
acid sequence results in fluorescence and pH sensitivity (Palm et al., 1997). Chromo-
phore contains one protonation site, which is the basis for developing different pH vari-
ants (Kneen et al., 1998).  Change in genetic sequence changes some protonated amino
acid to deprotonated amino acid and vice versa. It all started when James Rothman with
his group, made S202H mutation in wild type GFP in order to find pH specific amino
acid and successfully reported varying fluorescence between pH 5.5-7.5 (Miesenbock et
al., 1998). S202H strain was then popularly called as ratiometric pHluorins and exten-
sively used in studying intracellular pH of bacteria, yeast and mould (Bagar et al.,
2009). As a result, there are hundreds of mutation combinations, which are made in
GFP to improve its sensitivity to pH change. EGFP, which has mutations S65T and
L64F is reported as better reporting molecule in acidic regions of the cell like Golgi
apparatus (Llopis et al., 1998). Yellow spectrum mutation T203Y in EGFP is better
suitable for base regions like mitochondria (Kneen et al, 1998; Dang et al., 2012; Mi-
chael et al., 2004; Malea et al., 1998).

The GFP mutant S65T with enhanced intensity of fluorescence was popular in
late 90s (Heim et al., 1995), it was also attempted to check the pH sensitivity in vivo.
H148G and E222Q mutations are characterized as influential in polarity of the chromo-
phore (Marc-Andre et al., 1999). YFPs had T203Y substitution along with other muta-
tions such as S65G/V68L/S72A. In a study in 1999, YFP along with H148G mutation
combination was studied for its variability in pKa value; even though, in vivo results
was not accurate enough on that time, there were significant change in pKa value of
each mutant (Marc-Andre et al., 1999). For example, YFP had pKa value 7.1 which is
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bright at alkaline pH regions like Golgi apparatus, mitochondria etc. (Wachter et al.,
2007).

Another GFP variant (E2GFP) with mutations F64L/S65T/T203Y/L231H was
successfully cloned and expressed in both prokaryotic and eukaryotic cells for pH stud-
ies.  Moreover E2GFP was also reported for optical switching between bright and dark
state even in single molecule level. GFP variants have also proved to be better reporter
and signaling molecule, when fused with other peptides. For example, E2GFP has been
studied as fusion molecule with vesicle specific receptor protein in order to report pH
behavior during exocytosis, (Miesenbock et al., 1998).

GFP variants also proved to be better stable when fused with non-fluorescent
peptides. There are well known studies for fusion site and size of fusion peptide, be-
cause abundant peptide addition to fusion can cause fluorescence reduction. In an at-
tempt to create pH selective mutant, S202H mutation yielded a better ratiometric GFP
probe also called as ecliptic synapto-pHluorin (Michael et al., 2004). Interestingly, syn-
apto-pHluorin had several advantages such as accuracy in ratiometric analysis, good
fluorescence variation towards pH, higher sensitivity etc. Furthermore, two-point muta-
tion in chromophore gave 20 fold increases in fluorescence, which is named as super-
ecliptic pHluorin (Sankaranarayanan et al., 2000). These fusion protein studies with
GFP mutants have extended further to other cellular compartments like Golgi apparatus
(Machen et  al., 2003), peroxisomes (Jankowski et al., 2001), mitochondria and cyto-
plasm (Karagiannis et al., 2001). These proteins provided a new approach to study
plasma membrane receptor protein and its pH behavior using photo bleaching method
(Michael et al., 2004).

2.4.1 Behavior of deGFP and sfGFP with pH

The unprecedented importance of GFP in pH studies is due to less number of alternative
systems developed for intracellular pH studies. Chemical or synthetic fluorescent dyes
are major substituent for cellular pH studies (Lippincott-Schwartz et al., 2003), but the
major drawbacks of synthetic dyes are cytotoxicity (Llopis et al., 1998), varying pene-
tration nature and less intracellular targeting efficiency (Awaji et al., 2001).  Fortunate-
ly, there are some remarkable properties of GFP like chromophore dynamism (Reid et
al., 1997), nano size, suitability for improving analytical procedures, fusion with other
molecules (Tozzini et al., 2004), folding and stability and so on. Likewise, recently im-
proved variant of GFP for intracellular pH studies are dual emission (deGFP) (George et
al., 2002) and superfolder GFP (sfGFP) (Felipe et al., 2008).

It is known that wild type GFP absorption spectrum is bound to two bands A and
B connected to neutral and anionic state of the chromophore respectively. Neutral state
emission spectrum peaks at blue range and anionic state peaks at green spectral range,
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but only green spectrum is visible due to anions produced by internal transfer of neutral
state.  There are many studies proposed for the study of atomic structure and proton
transfer network of GFP variants (Palm et al., 1997) (Brejc et al., 1997). It is believed
that Tyr66 has significant effect in changing protein spectral range which is further re-
lated to widening applications of GFP (Heim et al., 1994). In principle, the emission of
blue range can be possible by slowing down excited state proton transfer (ESPT) by
neutral state of chromophore in excited state (George et al., 2002).

In a recent study, GFP mutant called dual emission GFP (deGFP) was created.
deGFP has two emission peaks which are essential for ratiometric fluorescence analysis
(George et al.,  2002).  In  different  rounds  of  mutations,  the  results  were  proposed  for
two ideally behaving mutants. deGFP strain with mutations S65T, C48S, H148C, and
T203C was identified as novel pH dependent variant and proposed for in vivo mammal
cells. Fluorescence of deGFP shifted from 515nm (green) to 460nm (blue) and pKa val-
ue shifted from 6.8 to 8.0.  The study of its crystal structure, pKa value, and emission,
compared to fluorescent dyes suggested deGFP to be better strain for in vivo pH meas-
urements of mammalian cells (George et al., 2002). Even though deGFP is suggested
for better response and accuracy for change in pH, the properties like unsuitable pKa
value for physiological conditions, noisy fluorescence signal and possible cellular dam-
age due to UV spectral range, are its drawbacks (Ranieri et al., 2006).

 Thermophilic stability and a new approach on super-2.5
folder GFP

In a novel study of sfGFP in thermophiles, it has been proved to be better molecule for
assays in intracellular metabolism and distribution (Felipe et al., 2008). Before that,
potential ability of superfolder in thermophiles was not understood completely. In that
research, Felipe and his group cloned sfGFP with fusion protein and expressed in cyto-
plasm, membrane and periplasmic region of Thermus thermophilus (Tth) (Felipe et al.,
2008). It is also stated that promoters can control protein expression and temperature
can be used to activate fluorescence of GFP (Felipe et al., 2008). In principle, super-
folder can also promote immunoisolation of protein from thermophiles, which provide
more interests towards thermophilic application of sfGFP (Cristea et al., 2005; Felipe et
al., 2008). Moreover, wild type GFP was often missfolded in physiological tempera-
tures, but superfolder GFP had shown better stability even at higher temperatures suita-
ble for thermophiles. Except superfolder GFP none of other variants or molecules is
better suitable for in vivo studies in thermophiles.
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In this research work, we used selective mutations for creating dual emission
and pH sensitivity while maintaining the superfolder and thermostable properties of
superfolder  GFP.  With  the  aid  of  multidisciplinary  studies,  advances  in  protein  engi-
neering, purification, delivery and reporting methods would probably increase more
applications and understanding of GFP. GFP variant for pH sensitivity in thermophiles
would probably become one of the significant technological advancements and may
provide commercial applications. As hundreds of GFP mutations have been character-
ized and associated to specific properties, it is possible to select pH selective mutations
in thermostable superfolder GFP.

  Characteristics of mutations T203C, H148G, C48S,2.6
T203Y

The GFP variant superfolder has series of mutations which aid its properties like rapid
folding, higher circular permutation, stability etc (Jean-Denis et al., 2006). In addition
to sfGFP mutations, we had selected few mutations which have pH specific and dual
emission properties for this study. The mutations T203C, H148G and C48S were taken
from dual emission variant deGFP (George et al., 2002). However, Thr203 and His148
amino acid residues were proved to have influence in spectral property of GFP (Torsten
et al., 1995) and promote protein to become photoactivable (Patterson et al., 2002).
S65T is a well-known mutation for pH dependency, which is present in most of the GFP
variants including superfolder. The presence of cysteine at 203rd position favors neutral
chromophore emission and stability in acidic pH environment. Most of these mutation
combinations have potential ability to construct GFP as pH sensitive and ratiometric
probe. T203Y is a mutation which takes the protein to yellow spectral range (Jayaraman
et al., 2000) and creates an affinity site towards ions like chloride, bromide, halide etc
(Wachter et al., 2000; Ranieri et al., 2006). Moreover, His148 and Tyr203 were two of
the amino acid residues among the list characterized (Gln69, Gln94, Arg96, His148,
Thr203, Ser205 and Glu222) as amino acids, which acts as proton donor and acceptor of
hydrogen bonds network in GFP (Brejc et al., 1997; Ranieri et al., 2009).

 Site directed mutagenesis2.7

 Natural properties of molecules like proteins, enzymes, antibodies etc. can be altered to
get a desired change in thermo stability, pH stability, nutrition consumption etc. For
example, there are many enzymes which are naturally unstable at high temperatures and
are modified for thermo stability by inserting gene of interest into host gene; moreover
it is possible to regulate the specific property of gene by altering amino acid sequence. It
is said that many naturally available strains were not suitable for industrial applications,
so they are mainly used to scale up industrial production (Bernard et al., 2008).
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Engineering new protein with desired property is not a simple method; the major
obstacle  is  to  know  the  role  of  each  amino  acid  in  its  position  in  genetic  sequence.
However, it is feasible to engineer known proteins with defined physical and chemical
properties like x-ray crystallography, because it is possible to predict which amino acid
plays major role in three dimensional folding or other structural and physic-chemical
properties of protein. The process of changing desired amino acid in genetic sequence is
called site directed mutagenesis (Bernard et al., 2008). In practice, site directed muta-
genesis  is  a  trial  and  error  method,  mainly  focused  on  the  best  behaving  strain  out  of
random combinations of amino acid change. Even though, theory supports that change
can be carried by both protein sequence and genetic sequence, changing through DNA
sequence is quite suitable for large scale production.

There are different methods employed to create directed mutations such as clon-
ing  with  M13  DNA,  plasmid  DNA,  PCR  amplification  etc.  Cloning  with  M13  DNA
was an earlier method adopted for successful creation of point mutation. In this method,
the cloned sequence is inserted into double stranded DNA of M13 bacteriophage. First-
ly,  the  amino  acid  sequence  to  be  changed  and  the  mRNA  codon  for  changing  site
should be known precisely. Single stranded vector DNA of M13 is mixed with synthetic
DNA sequence which is perfectly complimentary with one difference in nucleotide
which is to be changed. The synthetic oligonucleotide sequence binding is facilitated by
low temperature, increased concentration and higher salinity. The difference in oligonu-
cleotide creates a mismatch loop region in segment. The 3´ region of oligonucleotide
acts as primer site for double strand synthesis in presence of DNA polymerase, four
deoxyribonucleoside triphosphates and T4 DNA ligase. Then, mutant bacteriophage
virus particle transformed into E. coli bacterial cells and the expression of viral parcel
will eventually kill the cells. Moreover, the replication of plasmid DNA is semicon-
servative in nature; accordingly replicating population should have 50 percentage of
both mutant and native plasmid vector. The mutant cell line was screened by stringent
screening process to isolate the mutant plasmid to clone in E. coli expression plasmid to
produce mutant protein. Theoretical factor failed in practice to produce 50 percentage of
expressed mutant cell line and this method has more time consuming steps (Sambrook
et al., 1990).

Next  major  method  developed  was  to  create  mutation  through  plasmid  DNA
which simplifies the process by excluding extra cloning steps. The plasmids which have
antibiotic resistance genes were selected for better screening. Target DNA which is to
be mutated is inserted into multiple cloning site of plasmid DNA (Piechocki et al.,
1994). Then, double stranded plasmid were denatured to single stranded and annealed
by synthetic primers with defined amino acid change. In three synthetic primers, one
which anneals to multiple-cloning site has the property to change an amino acid in tar-
get sequence; other two are used to control antibiotic resistance gene expression for
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better screening (figure 2.10). In the presence of dNTPs and T4 DNA polymerase en-
zyme, 3´ end of primers synthesizes complementary strand for whole plasmid, then T4
DNA ligase confirms closing of 3` end to 5` end. Mutant plasmid finally cloned into E.
coli cells, can be screened using antibiotic sensitivity property. Oligonucleotide site
specific mutation with plasmid DNA has five times screening efficiency than with M13
vector.

Figure 2.10 Site directed mutagenesis with plasmid DNA. Target DNA is inserted into multiple cloning
site of plasmid DNA which then purifies and denatured into single stranded. Synthetic primers with de-
sired property to change an amino acid annealed and synthesize mutant circular plasmid in the presence
of DNA polymerase, T4 DNA ligase and dNTPs (picture adapted from Bernard et al., 2008).

Even though many protocols of creating point mutation with plasmid DNA is in
good practice in research, researchers keep pushing forward to more simplified and effi-
cient techniques. Creating mutations with PCR amplification has recently gained large
scale application in molecular biology research. In PCR amplification method, there is
no need for plasmid vector, rather synthetic primer binds to single stranded target DNA.
The target DNA sequence should be known and 5´ end of primers should be phosphory-
lated. For point mutation, the amino acid change should be inserted into middle of pri-
mer. To create deletion in DNA, the region of deletion should be the border for forward
and reverse primer (figure 2.11). And to insert a sequence, the inserting sequence must
be  added  to  5´  end  of  one  or  both  primers.  Synthesized  single  stranded  DNA  can  be
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annealed to its complementary sequence and circularized using T4 DNA ligase (Herlitz
et al., 1990).

Figure 2.11 Schematic representation of PCR amplified method of creating point mutation, deletion mu-
tation, and mutation by small or large insertion (Bernard et al., 2008).

 His-Tag protein purification2.8

Protein is purified as homogenous mixture with other proteins expressed inside the cell.
Even though, homogenous mixture of protein is applicable for several studies, isolation
of specific protein is in high demand in modern day research. As studies to automate,
simplify and optimize protein isolation emerges, there are many secondary methods
available now commercially. Affinity chromatography is one of such secondary proce-
dures, which is used in the isolation of targeting protein from homogenous mixture or
protein extract. Affinity chromatography purifies protein based on polar nature of pro-
tein, ion exchange, enzyme affinity etc. Isolation based on polarity or ionic nature often
leads to affinity towards other protein of same nature as well. His-tag affinity chroma-
tography overcomes these drawbacks by combining recombinant protein technology
and affinity chromatography (Michael, 2006).

Polyhistidine tag or 6xHis tag is added to the protein expressing gene in N- or C-
terminal region. This kind of recombinant protein is often expressed in selective organ-
ism for optimized expression rather than origin organism. Expressed protein is isolated
through normal procedure of protein expression using IPTG and destructing cells by
lysosome.  Final  mixture  contains  all  proteins  along  with  His  tagged  protein;  it  is  sub-
jected for further purification with batch or column chromatography. Major principle of
6xHis tag purification is the characteristic of Histine to get pronated at low pH (4.8) and
binding nature towards cobalt or Nickel ionic resin at high pH (7.9) (Paul, 1995). Crude
protein mixture is allowed to drip through column filled with chelating resin which is
charged by cobalt or Nickel buffer. There are different columns and buffers available
commercially with specific protocols. After the specific protein binds to the column,
elution buffer with respective pH promotes His tags to get protonated and to unbind the
resin. Purity and concentration of protein in elution buffer can be determined using So-
dium Dodecyl Sulfate-Polyacrylamide gel electrophoresis or Western blotting. In this
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study, 6xHis tag is added at the end of protein coding sequence as stop codon and it is
expressed as extended tag in three dimensional structure of GFP. Compared to other
proteins GFP purified using polyhistidine tag has higher purity (Scopes et al., 1994).

 Development of fluorescence experimental methods2.9
in pH studies of both In vitro and In vivo experiments

Even though there are better measuring methods for in vitro pH  measurements,  GFP
variants have been extensively studied through in vitro experiments for pH sensitivity.
Advanced analytical procedures and equipment in fluorescence studies facilitates engi-
neering specific characteristics of GFP with more precision. With the aid of in vitro
results, non-invasive applications of GFP increased dramatically. So far, all the mutants
can be characterized as ratiometric or non-ratiometric based on their spectral property.

2.9.1 Non-ratiometric fluorescence method

The absorption spectrum of GFP is characterized by band A and band B: the equilibri-
um between these two states is influenced also by pH along with other factors. There is
a mathematical expression which relates the concentration of chromophore population
in two states with pH and spectral values. Through the given equation, sigmoidal de-
pendence of fluorescence to pH can be seen in pH sensitive probes. First emerged GFP
variants are mostly non ratiometric in absorption and emission characteristics (Kneen et
al., 1998). In the linear sigmoidal representation, pKa value is the pH where the emis-
sion variation reaches half to its overall change (Raneri et al., 2009).

( ) (
( ) ( )10( )

1 + 10( ) )

Where C0 is the concentration of protein, FA and FB are molar fluorescence emission of
two states A and B (Raneri et al., 2009).

2.9.2 Ratiometric fluorescence method

Even though, there are many successful fluorescence analytical methods available to
promote intracellular studies, the major drawback of these methods are its narrow de-
pendency on fluorescence intensity which is further related to analyte concentration and
fluorophore availability (George et al., 2008). For example, in GFP, the intracellular
distribution is often related to cellular permeability, homeostasis metabolism of cell,
protein fusion molecule etc; thus the fluorescence is not just related to only analyte con-
centration. Rather, ratiometric probes report opposite changes in fluorescence, respec-
tive to analyte concentration thereby reducing the drawbacks in intracellular fluores-
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cence studies such as photo bleaching, concentration of analyte independent, reliability
and dynamic reporting from various cell compartments etc (Grynkiewicz et al., 1985).
Below equation explains the independency of emission or absorption ratio to concentra-
tion of protein which replaces FA and FB notations in non ratiometric equation.

( )
( ) = (

( ) + ( )10( )

( ) + ( )10( )

Where F  is higher molar fluorescence asymptote and F0 is lower molar fluorescence
asymptote (Ranieri et al., 2009).

2.9.2.1 Basic characteristics of ratiometric pH probe

Chromophore of GFP lies at center of the protein structure protected by its -barrel
sheets. Arg96 and Glu222 are major amino acids in formation of chromophore (Snie-
gowski et al, 2005). There are some other amino acids and few water molecules sur-
round the chromophore and create a hydrogen network, which acts as donor and accep-
tor or proton or polar groups to the chromophore. Those amino acids include residues
Gln69, Gln94, His148, Thr203 and Ser205 (Brejc et al., 1997). The spectral and photo-
chemical property of GFP can be modulated largely by changing these amino acids. The
excitation spectrum of GFP is characterized by its two bands namely band A and band
B which are related to ionization characteristics of chromophore. Phenol and imidazoli-
none ring of Arg96 exhibits ionization reaction through hydrogen network. In solution,
the equilibrium between these states is largely influenced by factors such as ionic con-
centration, protein concentration, enzyme activity, temperature and pH (Ranieri et al.,
2009).

The major mechanism behind creating ratiometric pH-GFP probe is due to
the nature of ionization mechanism between two forms of chromophore respective to
proton concentration. Interestingly, the intensity of GFP emission below pH 5.5
(460nm) is inversely converted to the emission above pH-7.5 (500nm) in ratiometric
probes. It is further characterized that emission below pH 5.5 favored by protonated
chromophore and emission above pH 7.5 favored by deprotonated or anionic chromo-
phore (Ranieri et al., 2009).  Mostly, emission of protonated chromophore is very less in
GFP spectrum due to the mechanism called excited state proton transfer (ESPT)
(Voityuk et al., 1998; Bonsma et al., 2005), which results in lower intensity of emission
at 460 nm of spectral  range. Upon inter conversion of bands A and B at  different pH,
GFP exhibits a common point in the spectrum where the spectrum from all pH range
coincides is called isobestic point. Even though, inter converting nature of band is the
only essential feature in ratiometric analysis, presence of isobestic point creates an ideal
ratiometric probe (Srivastava et al., 2007; Wang et al., 1997). Non ratiometric analysis
of spectrum depends on the intensity of emission relative to pH and protein concentra-



THEORITICAL BACKGROUND 32

tion, whereas, ratiometric analysis depends only on the ratio of emission peak value
between protonated and deprotonated choromophore.

The mechanism behind pH dependent behavior of GFP were first ex-
plained by considering only single protonation site which is situated at Arg96, but later
proposed two-site model fits most of the GFP mutants available now (Bizzarri et al.,
2007). Instead of emission dependency on single protonation site of Arg96, two-site
model proposes greater suitability to spectral behavior of many mutants, which states
that the presence of one more ionization site favors neutral state population of chromo-
phore and also influences the equilibrium of GFP along with anionic and cationic state.
Structural analysis shows influence of His148 and Glu222 in equilibrium between neu-
tral state and anionic state of chromophore (Bizzarri et al., 2007). One way or another,
emission of GFP shows considerable difference in response between low and high pH,
which elaborates the potentiality of GFP variants in live cell pH signaling.

 Future applications2.10

Fluorescence has been employed as spectroscopic, imaging and molecular probing
techniques in last few decades (Alexander et al., 2010).  Due  to  its  nano  time scale,  it
demands the sophisticated methods for measurement and data processing. Unlike last
century, scientists from various backgrounds combining and making way to find solu-
tions for complex problems. Due to the result, it has gained importance in biotechnolo-
gy, molecular biology, biophysics and biochemistry research fields. Consecutively, GFP
become the first biomolecule which has larger variety of applications in fluorescence
studies. GFP variants have been evolving dynamically along with new molecular tech-
niques and experimental procedures.

The spectral diversity of GFP variants is useful in FRET studies which explain
the interaction of GFP with other molecules (Sekay et al., 2003). Even though the spec-
tral range of some GFP variant is not suitable for intracellular studies due to photo tox-
icity, they can be useful in FRET experiments (Sekay et al., 2003). Some of the latest
applications of GFP have been reported that GFP can be used as fluorescent timers
which  changes  emission  from  green  to  red  after  some  time  of  expression:  this  color
change can be used to study expression and degradation rate (Terskikh et al., 2000).
Photoactivable GFPs can be tracked its movement inside the cell thorough photo
bleaching which is highly important in cancer studies (Lippincott-Schwartz et al., 2003;
Chudakov et al. 2003).  Furthermore,  fusion  studies  of  GFP  variants  with  other  mole-
cules are useful in studying ionic interactions, movement in cellular environment and
apoptosis (Xu, X. et al,. 1998). Likewise, apart from the aim of this study, sfGFP vari-
ant created through this study could have significant property suitable for these applica-
tions.
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3. MATERIALS AND METHODS

 Materials Used3.1

E. Coli XL1 blue strain from Stratagene was used throughout the study for cloning and
expression of recombinant protein. The sequence of sfGFP (Pédelacq et al., 2006) was
obtained from the spring 2011 distribution of biobrick biological parts registry (iGEM)
(number: BBa_I746907, http://parts.igem.org/partsdb/get_part.cgi?part=BBa_I746907).
Agarose, Yeast extract, Nacl, glucose and tryptophan used for LB medium are from
Sigma-Aldrich. For protein purification: Sigma 4K15 centrifuge was used, protease in-
hibitor cocktail tablets were from Roche, Germany, and Soniprep plus150, from MSE,
USA was used for sonication. Lysozyme enzyme was from Sigma, Canada. Antibiotics
Chloramphenicol and Ampicillin were from Sigma-Aldrich. The enzymes Hind III,
XbaI, T4 DNA ligase, Taq DNA polymerase and buffers 1X tango buffer and 10X liga-
tion buffer were from Fermentas. Primers were ordered from Thermo Fisher scientific,
Germany. Plasmid and gel extraction kit was from Fermentas.

Protein purification His-bind resin was from Novagen and columns from Amer-
sham biosciences. Electrophoresis setup used was from Bio-Rad laboratories. For fluo-
rescence measurements Fluorolog from Jobin-Yvon-spex was used. Absorbance was
measured with Schimadzu UV-Vis, NIR spectrophotometer. Results of fluorescence and
absorbance were analyzed in Orogin8 software. All the reagents used for experiments
were analytical grade.

 Site Directed Mutagenesis3.2

The  major  aim  was  to  create  different  combinations  of  mutations  to  identify  the  best
behaving strain. The amino acid changes selected was T203C, H148G, C48S and
T203Y. Mutation was created using overlap extension method using polymerase chain
reaction. The primers are listed in the table 3.1. The mutations are carried out by PCR in
thermocycler. The PCR parameters are as follows: initial denaturation at 94°C for 2
minutes, 30 cycles of 1 minute denaturation at 94°C, 1minute annealing at 53°C, 1 mi-
nute elongation at 72°C, 10 minute extension at 72°C and final sample cooling tempera-
ture 4°C. For protein screening Histidine tag was introduced in Hind III restriction site.
5µM primer stocks were prepared from 100µM stocks of ordered primers and stored at -
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20°C. The primers sfb12c is forward primer and Reb11k is reverse primer for complete
coding sequence of 27kDa protein.

Primer name Sequence Description
sfb12c 5'gagttctagagaaggagatatacatatgcgtaaaggcgaagagctgttc3' Sense primer,

Xba I site
Reb11k 5'tctactcgagatccgtgacgcagtagcggt 3' Antisense

primer,
HindIII site

sfb12h 5'-tcactatctgagctgccaaagcgttctg-3' Antisense
primer to
create T203C

sfb12i 5'-cagaacgctttggcagctcagatagtga-3' Overlaps
sfb12h

sfb12j 5'-aacagcggcaatgtttacatcaccgccgat-3' Antisense
primer to
create H148G

sfb12k 5'-atcggcggtgatgtaaacattgccgctgtt-3' Overlaps
sfb12j

sfb12l 5'-acgctgaagttcatcagcactactggtaaac-3' Antisense
primer to
create H148G

sfb12m 5'-gtttaccagtagtgctgatgaacttcagcgt-3' Overlaps
sfb12l

sfb12p 5'-tcactatctgagctatcaaagcgttctg-3' Antisense
primer to
create T203Y

sfb12q 5'-cagaacgctttgatagctcagatagtga-3' Overlaps
sfb12p

Plasmid from superfolder GFP strain was isolated and purified using Fermentas
plasmid extraction kit. Isolated plasmid (conc.221ng/µl) was used as template for initial
PCR which is to create T203C using primers sfb12c, sfb12h, sfb12i and Reb11k. The
PCR reaction mixture concentration as follows: template 0.5µl, 5x buffer 10µl, forward
and  reverse  primers  5µl,  dNTPs  1.25  µl,  DNA  polymerase  0.5µl  and  Millipore  water
27.75µl.
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 Cloning and sequencing3.3

The plasmid vector used for cloning was SpT5.10/pAK400cB. PCR products were con-
firmed for its size using 1% agarose gel electrophoresis at 150 volts for 35 minutes and
bands  were  purified  using  Fermentas  gel  extraction  kit.  Both  plasmid  and  DNA  was
restricted using restriction enzymes Xba I and Hind III. The restriction mixture was pu-
rified DNA 20µl or plasmid 13µl, XbaI 3µl, Hind III 1.5 µl and milli-Q water for total
volume of 30µl. Restriction mixture was kept at 37 °C for 3-4 hours. Then, restriction
mixture was purified from right band of electrophoresis and purified. Overnight ligation
was carried out with 8µl plasmid, 16µl PCR product, 3µl 10X ligation buffer and Milli
Q water for total volume 30µl at room temperature.

Electro-competent E.Coli XL1-Blue cells were prepared using standard proce-
dure (Sambrook et al, 1990) and stored at -40°C. Ligation mixture was kept at 65°C in
order to terminate. Electroporation cuvettes were pre cooled. Transformation was car-
ried out with 2µl of ligation mixture in BioRad Micropulser electroporater (BioRad,
USA). 1ml of LB medium with nutrients and chloramphenicol added to transformation
cuvettes and incubated at 37°C for 1 hour. Then cultures were plated in LA agar plates
with antibiotic chloramphenicol, colonies were allow to grow overnight at 37°C. Colo-
nies were screened based on antibiotic resistance and restriction reaction of plasmid
DNA. Strains with correct restriction band size were selected and confirmed thorough
sequencing. All strains were sequenced from Macrogen, Korea.

 Protein Production and Screening3.4

The strains which were confirmed from sequencing were used for protein production.
Cells were cultured in 1000ml LB medium with 25µg/ml chloramphenicol, 0.4% glu-
cose at 300 rpm. Along with sfGFPp1, sfGFPp2, and sfGFP p3, deGFP and original sf
GFP strain were also used throughout studies for comparison. When optical density
reached 0.6, 1mM of isopropyl -D-thiogalactoside (IPTG) added to the culture and
temperature was reduced to 30°C. After 4 hours of protein production induction temper-
ature was reduced to 20°C and grown overnight.

Cultures were kept on ice immediately after taken from incubator. Cells were
pelleted in 250ml centrifuge bottles by centrifuging at 4°C for 6000 rpm and 20
minutes. Resuspended pellet in 3 times its weight of 1X binding buffer (40mM imidaz-
ole, 4M NaCl, 160mM Tris-HCL, pH 7.9). Added lysozyme (100mg/1 liter culture) and
protease inhibitor cocktail (500µl from 1ml of dissolved tablet) directly to the suspend-
ed cells and incubated for 30 minutes. Samples were subjected to sonication for 3 times
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with each 1 minute and cooled in between.  Finally, centrifuged for 30 minutes at 10000
rpm and collected supernatant in fresh sample tubes. In order to filter debris further in-
cubated with 1µl of bezonase nuclease for 30 minutes and filtered through 0.2 mm
membrane filters.

3.4.1 Column purification

Proteins were purified by His-bind resin from Novagen. All the column purification
steps were given by manufacturer. Firstly, column was prepared by adding 4 ml of no-
vagen, which was washed with 6 ml of de ionized water, 10ml of 1X charge buffer
(400mM NiSO4) and 6 ml of 1X binding buffer (40mM imidazole, pH 7.9). Samples
were applied to the column and allowed to drip by gravity. After samples drips off com-
pletely,  column was washed with 20 ml of wash buffer (390mM imidazole,  4M NaCl,
160mM Tris-HCL, pH 7.9). Samples were collected in each step for PAGE analysis.
Elution buffer (800mM imidazole, 2M NaCl, 80mM Tris-HCL, pH 7.9) which elutes
only His-tagged protein added to column and collected until colored protein elutes. Col-
umn is stored in strip buffer for reuse. Purified protein was collected in glass sample
tubes and stored at 4°C.

Concentrations of purified protein for in vitro analysis were measured through
absorbance spectrum in Nano drop instrument from Thermo Scientific, USA. Protocol
for measurement was given by manufacturer. 1µl of purified sample was used to meas-
ure with elution buffer as blank. In nano drop software, measurements were taken using
pre-programed option ‘proteins and labels’ at absorbance wavelength 488nm.

 Buffer preparation for In vitro measurements3.5

Buffers were selected based on their less toxic characteristics with biomolecules in de-
sired pH level. The buffers are MES anhydrate (pH 5.5 to 6.5), HEPES (pH 6.6 to 7.5)
and TRIZMA base (pH 8.5 to 9.0).  All  buffer substances were supplied from SIGMA
and concentration was 75mM. Different pH points ranging from 6.0 to 9 were prepared
by adjusting with 3M NaOH and 37% HCL.

 Steady-state spectroscopy3.6

3.6.1 In vitro measurements

Concentration of protein samples (sfGFPp1, sfGFPp2, sfGFP p3, deGFP and original
sfGFP) were measured using nanodrop machine and adjusted each sample to approxi-
mately near 0.800ng/ml. Fluorescence and absorbance measurements were made with
mixture of 1400µl of buffer and 300µl of protein. For in vitro measurement protein was
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measured with pH 6, 6.25, 6.5, 6.75, 7, 7.25, 7.5, 8, 8.5 and 9.  UV-VIS spectrophotom-
eter (shimadzu) was used to measure absorbance. Consecutively, fluorescence meas-
urements were made with same samples in Fluorometer Fluorolog-3-111 (ISA-Jobin
Yvon, France). Emission was recorded between 400nm to 650nm with excitation wave-
length 400nm and slit with 1:1. Measurement results were saved in both excel and
origin8 file format.

In the stability experiment of sfGFP at 70°C, each protein sfGFP, sfGFPp1 and
deGFP suspended in pH 7.25 were used. Sample prepared with 1400µl of buffer and
300µl of protein. Emission was recorded for every 3 minutes up to 30 minutes. Temper-
ature was controlled using hot water circulation which maintains the sample holder at
elevated temperature.

3.6.2 In vivo measurements

The strains sfGFPp1, sfGFPp2, sfGFP p3, deGFP and original sfGFP were culture with
respective antibodies in 6 ml culture tubes at 37°C for 6-8 hours. Then added 1mM of
IPTG and allowed to grow overnight at 20°C at 300 rpm. Cells were pelleted by centri-
fuging at 12000 rpm for 10 minutes. In order to make pH change inside the cell equiva-
lent to pH of medium, cells were resuspended in pH buffer 7.5 with 10µM cccp (Car-
bonyl cyanide 3-chlorophenylhydrazone) for 30 minutes and then suspended in respec-
tive pH buffers. cccp disrupts the protonosphere and polarity of cell wall and facilitates
passive diffusion of H+ ions inwards the cell. Finally, cells were suspended in 3 ml of
respective buffer with final optical density of 0.6. Fluorescence measurements were
made with same samples in Fluorometer Fluorolog-3-111 (ISA-Jobin Yvon, France).
Emission was recorded between 425nm to 625nm with excitation wavelength 400nm
and slit width 2:2.
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4. RESULTS

Results were presented as different parts in this section which include construction of
mutants, protein production, in vitro fluorescence measurements, in vivo fluorescence
measurements,  stability at  70°C and finally fluorescence at  70°C. The best  strain with
pH sensitive characteristics was selected from in vitro fluorescence measurements to
continue in vivo and higher temperature experiments. Totally three mutants were con-
structed, they are sfGFPp1, sfGFPp2 and sfGFPp3 out of that sfGFPp1 had shown pH
sensitive characteristics.

 Construction of mutants4.1

The mutations were created by site directed mutagenesis (SOE-PCR method). Trans-
formed colonies were screened based on antibiotic resistance and restriction digestion
conformation by agarose gel electrophoresis. While plating all strains in agar plates,
sfGFPp1 showed higher brightness when viewed on blue light (Not shown in results).
Transformed colonies are sent for sequencing in Macrogen (Korea). Sequencing results
were analyzed using vector NTI suit. Results are shown in figure 4.1 and the amino acid
change is shown compared to original superfolder GFP. For convenience, mutants were
named as follows, sfGFPp1 (T203C), sfGFPp2 (T203C, H148G, C48S) and sfGFPp3
(C203Y, H148G, C48S).

Figure 4.1 Amino acid change of each mutant compared to superfolder GFP. sfGFPp1 (T203C), sfGFPp2
(C48S, H148G, T203C), sfGFPp3 (C48S, H148G, T203Y)

 Protein production and concentration4.2

All the strains were grown at 500 ml conical flask except deGFP which was cultivated
using 1000 ml bioreactor. Proteins were isolated using 6×His tag and Sephadex resin
(Novagen) for affinity column purification. Purified samples were quantified using
SDS-PAGE and purity was identified as >95%. Concentration values are given in Table
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4.1 and 4.2, given stock solution was directly used for measurement with respective pH
buffer.

Table 4.1 Concentration of proteins for in vitro measurements at room temperature (23°C).

Protein Stock concentration for measurement
(ng/µl)

sfGFPp1 0.683
sfGFPp2 0.399
sfGFPp3 0.092
sfGFP 1.817
deGFP 0.155

Table 4.2 Concentration of proteins for in vitro measurements at 70°C.

Protein Total Concentration of puri-
fied sample (ng/µl)

Stock concentration for
measurement (ng/µl)

sfGFPp1 1.771 0.719
sfGFP 1.767 0.709

In vitro Fluorescence and Absorbance measurments4.3

Absorbance measurements were taken from UV-VIS spectrophotometer (shimadzu) and
fluorescence measurements from Fluorometer Fluorolog-3-111 (ISA-Jobin Yvon,
France). Both measurements were taken with the same sample. For in vitro measure-
ments at room temperature (23°C), the sample volume of 300 µl from stock of each
mutant purified protein was added to 1200 µl of respective pH buffer. Therefore the
concentrations of each protein differ between each strain which is given in table 4.1.
Absorbance was measured at 400 nm and emission was recorded between 410 to 650
nm for all  strains with slit  width (1,  1) except for sfGFPp3 (slit  2,  1);  integration time
0.1 seconds. In vitro experiments were repeated for five times for sfGFPp1, four times
for deGFP and sfGFP, three times for sfGFPp2 and sfGFPp3.

Absorbance spectrum of all strains is characterized by two bands with peaks at
400 nm and above 500 nm. But at pH below 4.8, absorption from deprotonated chromo-
phore diminished completely. Absorbance and emission spectrum of all strains retained
interconverting nature between two states of chromophore.
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Spectroscopic measurements of sfGFPp1 displayed emission maximum at 510 to
512 nm for low pH and between 514 to515nm for high pH.; absorption peaks at 400 nm
and 500 nm. Figure 4.2 shows fluorescence and emission spectrum of mutant sfGFPp1.
Emission of neutral chromophore at 400 nm is inversely converted to the emission at
515nm.  Interestingly, the common isobestic point is observed near 490 nm wavelength
of absorption spectra of sfGFPp1 is an added value for ratiometric fluorescence studies.
pKa value of sfGFP1 had calculated from pH titration curve as respective pH to 50%
fluorescence. sfGFPp1 showed pKa as 6.45±0.15, experiments were repeated for five
times for in vitro measurements of sfGFPp1, pKa value is the average of all the experi-
ments. Most of the spectral characteristics are similar to sfGFP original strain, but due
to mutation Thr203 to Cysteine it shows higher dependency of fluorescence between pH
6 to pH 7.5. Compared to other strains sfGFP1 shows higher intensity of fluorescence.

Figure 4.2 Emission (A1) and absorption (A2) spectrum of sfGFPp1-Mutations T203C:  Emission maxi-
mum between 510 to 515 nm, Absorption maximum at 400 nm and 500 nm.

sfGFPp2 shows emission maximum between 508 to 512 at low pH and 512 to
516 at pH >8. Figure 4.3 shows the emission and absorption spectrum of sfGFPp2.  In
contrast with sfGFPp1, it does not have a common isobestic point between anionic and
neutral chromophore; also the second absorption band is weak above 500nm. In other
words, absorption of anionic chromophore is notable only at higher pH with low inten-
sity. It gives confirmation that the presence of H148G and C48S mutations strongly
alters the spectral properties of superfolder GFP both in absorption and emission.

A2A1
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Figure 4.3 Emission (B1) and absorption (B2) of sfGFPp2-Mutations T203C, H148G, and C48S:  Emis-
sion maximum between 508 to 516 nm, Absorption maximum at 400 nm and 500 nm.

sfGFPp3 has created with mutation which shifts the spectral range of GFP from
green to yellow region. Figure 4.4 shows the emission peak is at 523 nm at the yellow
region of the spectrum. Like sfGFPp2, absorbance of sfGFP3 also diminished at anionic
absorbance region (>500 nm).  Fluorescence of sfGFPp3 has emission maximum be-
tween 510-514 for pH less than 7.5 and at 523 nm for pH above 8. This result confirms
the previous research conclusions about the amino acid change T203Y (Chan et al.,
2001; Ranieri et al., 2006).  Despite  the  change  in  spectral  emission  range,  sfGFP3
doesn’t have any significant property of pH sensitivity.

Figure 4.4 Emission (C1) and absorption (C2) of sfGFPp3-Mutations C203Y, H148G, C48S:  Emission
maximum between 510 to 523 nm, Absorption maximum at 400 nm and 500 nm.

Apart from stability and folding properties, spectral characteristics of sfGFP
have significant pH relative changes. Emission peaks were observed between 508 and
512 at low pH and between 513 and 515 at pH above 7.5 (Figure 4.5). sfGFP reported to

B1

C1 C2

B2
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have pKa 5.5 (Nathan et al., 2011). The difference between sfGFP1 and sfGFP is the
fluorescence intensity change in the physiological range between pH 6.5 to 7.5.

Figure 4.5 Emission (D1) and absorption (D2) of sfGFP: Mutations compared to wtGFP (S30R, Y39N,
Y145F, I171V, A206V along with cycle3 mutations F99S, M153T, V163A and EGFP mutations SF64L
and S65T):  Emission maximum is between 508 nm to 515 nm.

For comparison of results, we have used deGFP strain as control throughout the
study. Dual emission spectrum characteristics of deGFP are well-matched with results
presented by George and his group (George et al., 2002). The presence of S65T along
with deGFP mutation combinations strongly favors neutral  chromophore.   As a result,
dual emission peak is observed at 460nm and 515nm (figure 4.6); pKa of deGFP is
close to neutral (7.2±0.1) (George et al., 2002). Even the absorbance of neutral choro-
mophore is higher compared to absorbance by anionic choromophore. Reportedly,
deGFP with two emission peaks is a better ratiometric probe at 37°C, but the fluores-
cence and expression of protein is observed to be very low both in in vitro and in vivo,
respectively.

Figure 4.6 Emission (E1) and absorption (E2) of deGFP: Mutations compared to wtGFP (S65T, C48S,
H148C, and T203C):  Emission maximum at 460 nm and 515 nm, Absorption maximum at 400 nm and
500 nm.

D1 D2

E1 E2
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Even though, the presence of S65T mutation favors deprotonated state of chro-
mophore in GFP, the combination of H148G and C48S mutations suppress the absorb-
ance properties of GFP above 500 nm. From the above fluorescence and absorbance
results, it is concluded that sfGFPp1 is better strain by considering common isobestic
point, higher fluorescence intensity, and absorption above 500 nm. sfGFPp1 was select-
ed as best strain among three strains for further analysis and experiments along with
deGFP and original superfolder.

In ratiometric experiments, pKa and quantum yield of substance is not depends
on its concentration in the solvent, rather it depends on the difference in excitation and
emission of two states of chromophores. An ideal ratiometric indicator can be identified
from graphical representation of those ratios against respective pH. Calibration curve of
emission ratio against pH is given in Figure 4.6. As stated, only sfGFP1 mutant is taken
from this step onwards for further analysis.  There was no significant change in fluores-
cence ratio below pH 5.5 and above pH 8.0. pKa (50% maximum) for sfGFPp1 and
deGFP is 6.45±0.15 and  7.2±0.1 respectively (figure 4.7). Presence of Cysteine at 203rd

position in sfGFPp1 makes the protein to display more variation in fluorescence ratio at
physiological pH range (pH 6 to 7.5).
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Figure 4.7 Calibration curve of emission ratio against pH: Calculated from the ratio of fluorescence max-
imum of band B to fluorescence at isobestic point (wavelength is given in vertical axis title). A. sfGFP1
shows difference in fluorescence from pH 4.79 to 8.53 with pKa 6.45±0.15. B. sfGFP original strain
emission ratio curve versus different pH. C. deGFP shows better response between pH range 5.75 and 8.0
with pKa 7.2±0.1.
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In vivo fluorescence4.4

Fluorescence of cells was measured between 400 nm to 650 nm with excitation wave-
length at 400 nm; Slit width was 2, 2 and integration time 0.1 s. Fluorescence by control
E coli XL1 blue strain also measured in order to neglect emission by cells rather emis-
sion from protein inside it. Fluorescence spectra of in vivo measurements shows normal-
ized emission by subtracting emission values of control E coli XL1 strain in respective
pH.

As reported earlier (George et al., 2002), expression of deGFP is low inside the
cell, which leads to weak emission compared to sfGFP. As a result, emission above 500
nm gives noisy signal; moreover, opposing behavior of anionic to neutral chromophore
at 515 nm and 460 nm is not seen (Figure 4.8). Contradictory behavior of two states of
chromophore is essential for ratiometric analysis, therefore, it is not possible to make
emission ratio graph relative to pH for deGFP. But emission peaks were observed at
both states of chromophore.

Figure 4.8 Emission of deGFP by excitation at 460 nm and emission between 375 nm and 600 nm. Emis-
sion peaks at 460 nm and 515 nm with noisy signal. Instead of interchanging behavior of anionic and
neutral chromophore emission, emission spectrum gives linear response at both spectral range.

Unlike deGFP, sfGFPp1 expressed in higher concentration inside the cell, as a
result, intensity of fluorescence is high and reliable degree of response relative to pH.
Even though, there is very less deviation of fluorescence among different pH, the pres-
ence of isobestic point between two states makes protein as in vivo ratiometeric probe.
Emission  patterns  of in vivo results correlate with the results of in vitro experiments
with emission maximum at 515 nm for both sfGFP (Figure 8) and sfGFPp1 (Figure 4.9)
. Even though, emission patterns of sfGFP and sfGFPp1 are same, sfGFPp1 mutant
shows increased degree of fluorescence variation respective to pH at protonated choro-
mophore emission (460 nm).
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Figure 4.9 Emission spectra of sfGFPp1(A) and sfGFP(B) in vivo at excitation wavelength 460 nm.
PCR9-Mutations T203C.Emission of protonated chromophore has higher varies respective to pH in
sfGFPp1 than sfGFP. Emission ratio of sfGFPp1(C) and sfGFP(D) respective to pH. Room temperature
was 23°C.

8

8,5

9

9,5

10

10,5

11

11,5

12

5,5 6 6,5 7 7,5 8

Em
is

si
on

ra
tio

46
0-

51
6n

m

pH

C. sfGFPp1 in vivo (room temp)

7,8
8

8,2
8,4
8,6
8,8

9
9,2
9,4
9,6

5,5 6 6,5 7 7,5 8 8,5 9

Em
is

si
on

ra
tio

48
4-

51
3n

m

pH

D. sfGFP in vivo (room temp)

A B



RESULTS 47

 Stability of sfGFP, deGFP and sfGFPp1 at 70°C in4.5
vitro

Emission of all proteins was measured at pH 7.25 and temperature 70°C. Measurement
was taken for every 3 minutes using same sample for each protein sfGFPp1, sfGFP and
deGFP in pH 7.25 by maintaining at 70°C for 35 minutes. In spite of equal concentra-
tion, superfolder GFPp1 had higher intensity than sfGFP and deGFP, ratio of intensity
change is normalized to fit in common graph (figure 4.10). After approximately 6
minutes sample of deGFP precipitated and emission became very weak, however, both
superfolder GFP showed good stability over 30 minutes.

Figure 4.10 A. Stability of sfGFP, deGFP, sfGFPp1 at 70 degree in vitro. Normalized emission value for
every 3 minutes of sfGFPp1 (circles), sfGFP (square) and deGFP (triangle). Intensity of sfGFPp1 has
higher value than other proteins; emission of deGFP has dropped completely after 6 minutes and got
precipitated.  B. deGFP solution precipitates and becomes white after 6 minutes at 70°C, whereas
sfGFPp1 maintains the solution same after 30 minutes.
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In vitro emission at 70°C4.6

Concentration of protein in elution buffer was made equal based on nano drop
UV-Vis Spectrophotometer measurement for both sfGFP and sfGFPp1. 400 µl of pro-
tein is added to 1300 µl of respective buffers. During measurement, each sample is
heated up to 70°C by flowing hot water around cuvette holder and the temperature of
sample is monitored. When the temperature reaches 70°C emission was recorded with
excitation wavelength 400 nm. Even though, concentration of protein in each measure-
ment is same, sfGFPp1 shows higher intensity of fluorescence by anionic chromophore
than superfolder GFP, emission maximum was shown at 515 nm (Figure 4.11 A and B).
Ratiometric calibration curve of sfGFPp1 (Figure 4.11D) and sfGFP (Figure 4.11C) at
70°C in in vitro. Emission of anionic chromophore has more dependency towards pH
range 6 to 7.0. Emission of sfGFPp1 shows higher variation between pH 6.0 to 7.5
compared to sfGFP. Moreover, emission ratio maintains about two-unit change linearly
between pH 6.0 to 7.15.
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Figure 4.11 Emission of sfGFP (A) and sfGFPp1(B) at 70°C in vitro. Both (A and B) shows emission
maximum at 515 nm with excitation wavelength 400 nm. Calibration curve against pH of sfGFP (C) and
sfGFPp1 (D) relative to pH change.
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Table 4.3 Spectral characteristics of all mutants

Emission peak
above pH 7.5
(nm)

Emission peak
below pH 5.5
(nm)

Isobestic point
(nm)

pKa (50%
emission max-
imum)

In vitro at room temperature
sfGFPp1 512-515 510-512 487-490 6.45±0.15
sfGFPp2 512-516 508-512 - -
sfGFPp3 520-523 510-515 - -
sfGFP 512-515 510-512 487-490 5.5 (Nathan et

al., 2011)
deGFP 515 460 492-495 7.2±0.1

(George et al.,
2002)

In vivo
sfGFPp1 515 - 485-490 -
sfGFP 515 - 485-490 -
deGFP 515 460 - -
In vitro at 70°C
sfGFPp1 515 515 480 -
sfGFP 515 515 480 -
deGFP - - - -
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5. DISCUSSION

 Significance of Mutation5.1

The major advantage of GFP in intracellular pH studies is due to its non-toxic, good
sensitivity, accuracy of signal, spectral range suitable for live cells and targeting to-
wards any part of cell or tissue (Kneen et al., 1998). Moreover, the structure of GFP has
protected environment for its chromophore makes its fluorescence stable against
quenchers and other chemical agents (Swaminathan et al., 1997). Even though, most
mutants of GFP have pKa range towards more acidic, it is possible to change pKa to-
wards physiological range by mutations. It is promising that even ratiometric probes of
GFP are emerging through mutagenesis (Ranieri et al, 2006). This study explores again
the prospects of mutagenesis on its spectral characteristics and physico-chemical prop-
erties. Other than pH relative studies of GFP, there are considerable number of works
relative to GFP’s calcium sensitivity (Romoser et al., 1997), protease activity (Heim
and Tsien, 1996), halide detection (Piotr et al, 2012)  etc.. Mutagenesis plays major role
even in ionic detecting studies to change the pKa less than to the detecting environment
(Kneen et al., 1998). Therefore, pH sensitive variant of GFP also changes the interac-
tion of GFP with other molecules or ions which influence Förster distance of the protein
(Kneen et al., 1998).

In this study we have modified sfGFP with mutations T203C or Y, H148G and
C48S. T203C mutation has previously shown to be favoring protonated population in
deGFP, which resulted deGFP to be better ratiometric variant with higher intensity of
emission at 460 nm (George et al., 2002). Other mutations which play a role in pH are
S65T and F64L which are already present in sfGFP making it suitable for further small
modifications to create a pH sensor while maintaining its superfolder properties (Kneen
et al., 1998). S65T mutation was known to favor anionic chromophore population by
promoting excited state proton transfer (ESPT) (Marc-Andre et al., 1999). The deGFP
mutations made the protein to have clear dual emission characteristic, but it has less
intensity of emission in in vivo experiments. Therefore we used these mutations in
sfGFP to modify its pH sensing property with higher intensity of emission in intracellu-
lar studies. This study showed better pH sensitivity for the construct with mutation
T203C (sfGFPp1). This indicated that sfGFP+ T203C could make the protein a pH sen-
sor.
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5.1.1 sfGFP variants as in vivo pH sensor and thermo stability

Superfolder GFP was reported as a robustly folding protein when fused to poorly folded
peptides. But apart from the folding and stability (Pédelacq et al., 2006), its application
with pH sensitivity has not explored even though it has few mutations (S65T, F64L)
(Kneen et al., 1998) which is present in the pH sensitive variants of GFP. Many pH sen-
sitive mutants available already have some disadvantages like noisy back ground signal,
less stability, unsuitable pKa value, non ratiometric and less intensity of fluorescence
(Ranieri et al., 2009). Additionally, sfGFP also reported to have higher circular permu-
tation, stability to oscillating environmental factors like temperature, ionic concentration
etc., and these characteristics promotes it to be studied as novel in vivo pH reporter for
thermophiles.  However,  the  expression  of  sfGFP  in  thermophiles  up  to  70°C  was  al-
ready reported in a study (Felipe et al., 2008) and denaturation occurs at temperature
over 95°C (Thuy and Thomas, 2011). From the results of this study, thermal stability of
superfolder complies very much with previous study (Felipe et al., 2008); among the
developed variants, the construct sfGFPp1 showed higher intensity at 70°C. This inten-
sity was observed to be higher even on comparison to original superfolder GFP (figure
4.10).

The mutations of original superfolder GFP are S30R, Y39N, Y145F,
I171V and A206V along with cycle3 mutations (F99S, M153T, and V163A) and EGFP
mutations (F64L and S65T) (Pédelacq et al., 2006). The presence of S65T in EGFP had
already reported for its influence on anionic chromophore emission (Ranieri et al.,
2006). Mutations like T203CorY and H148G had showed change in emission pattern of
neutral chromophore respective to pH (George et al., 2002; Ranieri et al., 2006). Re-
portedly, dual emission GFP (deGFP) is an ideal ratiometric probe, but it is well suited
for the temperature up to 36°C and often gives noisy background signal at low pH and
in live cell experiments (Ranieri et al., 2009). Considering all these characteristics, this
study gives a new approach to include dual emission mutations in superfolder to make a
novel ratiometric pH probe which can be even used for high temperature experiments
and in vivo thermophilic studies.

 Analysis of Ratiometric property from in vitro spectral5.2
results

According to in vitro experimental results of this study, sfGFPp1 shows greater degree
of pH sensitivity than other strains. Moreover sfGFP1 showed and pKa value of
6.45±0.15 which is in the physiological range on comparison to sfGFP which has pKa
of 5.5 (Nathan et al., 2011). This was clear from the emission between pH 6.5 to 7.5
which displayed a higher degree of variation for sfGFP1 on comparison with sfGFP.
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Presence of cysteine at position 203 reduces the absorption of protein at 500 nm. The
mutations C48S and H148G further reduce the absorption at 500 nm among all other
strains. One reason could be the loss of hydrogen network due to amino acid change
H148G, because, as stated in two-site model, H148G also influences ionization state of
the chromophore (Bizzarri et al., 2007).

The replacement of Thr203 to aromatic amino acid residues shifts GFP into yel-
low spectral region (Marc-Andre et al., 1999). In this study, amino acid Thr203 is
changed with Tyr residue which shifts the emission of sfGFPp3 from 512 to 523 nm
displaying yellow emission. Moreover, it was thought that the mutation T303Y favors
protonated chromophore emission at 460 nm; because in previous studies this mutation
reported to have influence on protonated chromophore emission (Bizzarri et al. 2006).
EGFP mutant which have S65T mutation is well known for promoting anionic chromo-
phore emission (Kneen et al., 1988; Chattoraj et al., 1996). But the variants sfGFPp2
and sfGFPp3 doesn’t have any significant emission at 460 nm. Furthermore, the absorp-
tion of state B for those two strains is very low which indicates the presence of phenol
form of chromophores in the solution than phenolate form for all pH range; because B
state (phenolate form) excitation is favored in wtGFP at low pH (Brjec et al., 1997). The
major cause of reduction in phenolate form of choromophore may be due to mutation
H148G in combination with “superfolder” mutation, because this mutation was charac-
terized to break hydrogen bond between His148 and Arg168 (Battistutta et al., 2000;
Seifert et al., 2002), which further influence solvent diffusion towards chromophore
(Barondaeu et al., 2002) and protein flexibility (Seifert et al., 2003; Barbara et al.,
2013). But in the emission spectrum of sfGFPp2 and sfGFPp3, anionic form emission is
favored which shows that those strains follow excited state proton transfer (ESPT).

Considering the absorption and emission spectrum of all three mutant sfGFPp1,
sfGFPp2 and sfGFPp3, sfGFPp1 with mutation T203C shows superior characteristics
towards pH sensitivity. It correlates with the aim of creating better ratiometric probe for
intracellular pH studies. In ratiometric graph of sfGFPp1 (Figure 4.7A), emission ratio
shows change of more than 1 unit at physiological pH range and this is highly advanta-
geous  in  live  cell  experiments.  Its pKa 6.45±0.15  is  well  suitable  for  both  acidic  and
neutral cellular compartments like mitochondria, Golgi apparatus, vesicles and endo-
plasmic reticulum. According to previous studies the mutation combinations in deGFP4
have greater dual emission characteristics on GFP but in the same study another mutant
called deGFP3 with mutations S65T0 and T203C didn’t had ratiometric absorption or
emission (George et al., 2002). It clearly shows the combinations of “superfolder” mu-
tation with T203C have significant influence on ratiometric spectral property of GFP.
Compared  to  emission  and  absorption  of  sfGFPp1 in vitro at  room  temperature  with
deGFP4, deGFP4 is better ratiometric probe with clear dual emission at 460 nm and 515
nm, but considering stability and fluorescence properties sfGFPp1 could be considera-
ble.
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In vivo pH sensitive spectral results of sfGFP,5.3
sfGFPp1 and deGFP

The major aim of this study is to create better ratiometric pH probe for in vivo studies
and possibly for the application in thermophiles. There are significant numbers of mu-
tant GFP’s created for both in vitro and in vivo studies. Suitability of pKa value for in
vivo experiments also changed by mutagenesis which yielded successful variants like
YFPs (Llopis et al., 1998), pHluorins (Dang et al., 2012), EcGFP (ecliptic GFP),
sEcGFP (super ecliptic GFP), E2GFP (Ranieri et al., 2006), CFPs (Urra et al., 2008) and
deGFPs (George et al, 2002).

Available ratiometric probes for in vivo experiments were characterized mainly
based on its spectral property, spatial resolution, pKa value, stability in cytoplasm, in-
tensity of emission, spectral range suitability for live cell and interaction with ions. First
engineered RaGFP was used to study intracellular pH of cytoplasm (Karagiannis et al.,
2001), peroxisomes (Jankowski et al., 2001) and trans-Golgi network (Machen et al.,
2003), and moreover, RaGFP had pKa range close to neutral.

Later emerged deGFP and E2GFP showed that the coupling between 222rd

amino acid and chromophore affects excited state proton transfer (ESPT) in order to
promote emission or neutral chromophore (Bizzare et al., 2009). The in vitro emission
results of deGFP correlated with this thesis results,  but in vivo emission  had  very  low
intensity with noisy signal and it is also not suitable for ratiometric analysis. Experi-
mental method difference should be also considered for reasoning the difference in live
cell experiments, because deGFP in vivo spectral experiments were carried out using
confocal and two-photon spectroscopy (George et al., 2002).  The in vivo emission of
deGFP in that study using those methods was just above auto fluorescence of the cell.
So there is greater chance that the reason for noisy in vivo fluorescence deGFP in this
study is due to interruption of cell’s auto fluorescence (George et al., 2002). But in this
study sfGFPp1 shows higher intensity far away from cell’s auto fluorescence and also
clear difference in emission of neutral chromophore respective to pH. Unlike deGFP in
vivo emission has isobestic point near 480 nm widens the property of GFP as better in-
tracellular pH reporter protein. Considering ratiometric property and intensity, E2GFP
(Bizzare et al., 2006) and E1GFP (Arosio et al., 2007) is also has better pH sensing
property for alkaline and acidic environments.

This experiment includes the activity of Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) for perfusion which affects the polarization of ion ex-
change channel and ion exchange pathway of cells. Thus the spectral behavior or pro-
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tein expressed in cell also influenced by activity of CCCP. More study to fine-tune the
adjustment of equilibrium of intracellular pH to its environment could modify the emis-
sion results of this study. Spatial resolution is the significant kinetic property of a GFP
variant to report shift in pH along different region in the cell (Bizzare et al., 2009). Spa-
tial resolution of GFP can be engineered using fusion experiments, in which superfolder
GFP already has an advantage for being better fusion carrier.  Furthermore, the evolu-
tion of new instruments in fluorescence measurements with higher resolution, low de-
tector noise, different excitation principle and higher spatial detection is promising for
future live cell studies.

 Spectral property of sfGFPp1 at 70° C and its poten-5.4
tiality in molecular dynamics research of Thermophiles.

Thermophiles are characterized as those organisms living at extreme temperatures. The
major significance of extremophiles is its suitability for harsh industrial application.
Enzymes are the major substance produced by these extremophiles which has already
proved its commercial application in many industrial processes includes bio fuel pro-
duction (Zhaco et al., 2013), bio leaching (Vilcáez et al., 2008), fermentation (Olle et
al., 1997) and substrate degradation (Petros et al., 2006). It is highly important that de-
velopment of new techniques to increase understanding of each molecular processes of
thermophiles.

Unfortunately, except sfGFP no other fluorescent proteins can be expressed in
thermophilic organisms as fluorescent protein precipitates in extreme temperatures (Fe-
lipe et al., 2008). In another study, sfGFP proved to be carrier molecule of periplasmic
peptides of thermopiles and able to express it in periplasmic region of Thermus thermo-
philes (Tth) (Felipe et al., 2008). It made us to check the thermophilic property of newly
constructed variant sfGFPp1 along with its pH sensing property, which is again con-
firmed in this study as deGFP precipitated in 6 minutes at 70°C (Figure 4.10).

From this study, we suggest that sfGFPp1 has novel property to be used as pH
reporting probe in thermophiles. Compared to in vitro fluorescence of superfolder,
sfGFPp1 showed linear variation in emission ratio between pH 6 to 7.5 (Figure 4.11).
Considering the importance of pH in thermophile metabolism, there is no intracellular
probe available to study its pH homeostasis. As confocal microscopy method is already
proved to detect signal from superfolder expressed intracellular in Thermus thermo-
philes (Tth) (Felipe et al., 2008), it is promising to detect pH sensitive emission from
sfGFPp1.  Furthermore, the stability of sfGFPp1 over 30 minutes at 70°C is appropriate
for many experimental procedures. In future, we recommend further studies using
sfGFPp1 by expressing in thermophiles, because of potential ability to report intracellu-
lar pH behavior.
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6. CONCLUSION

This work demonstrates that “superfolder” GFP with mutation T203C is better rati-
ometric probe for studying pH in environments of extreme temperatures.  Moreover, we
have also reported the influence of mutations H148G, T203Y and C48S on spectral be-
havior of “superfolder” which elaborates the available information about these residues.
By comparing the in vitro spectral results of all mutants, sfGFPp1 were selected for
further experiments as better variant based on pH responsiveness. Emission Intensity of
sfGFPp1 was higher than all other strains throughout the studies. There is significant
emission of neutral chromophore region in in vivo spectral measurements, which makes
the protein as intracellular ratiometric pH probe, but further evolving of new molecular
techniques to regulate activity of cccp or other perfusion mechanism could give more
detail signal from neutral choromophore emission. The emission result at 70°C shows
that sfGFPp1 maintains same spectral characteristics as in the room temperature. The
stability of sfGFP, sfGFPp1 and deGFP at 70°C for 30 minutes were also reported,  in
which deGFP fails to hold its emission after 6 minutes.
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