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Enhanced Green Fluorescent Protein (EGFP) is a biomolecule with intense and natural fluorescence, with biolog-
ical and medical applications. Although widely used as a biomarker in research, its application as a biosensor is
limited by the lack of in-depth knowledge regarding its structure and behavior in adverse conditions. This
study is focused on addressing this need by evaluating EGFP activity and structure at different pH using three-
dimensional fluorescence, circular dichroism and small-angle X-ray scattering. The focus was on the reversibility
of the process to gain insights for the development of biocompatible pH-biosensors. EGFPwas highly stable at al-
kaline pH and quenched from neutral-to-acidic pH. Above pH 6.0, the fluorescence loss was almost completely
reversible on return to neutral pH, but only partially reversible from pH 5.0 to 2.0. This work updates the knowl-
edge regarding EGFP behavior in pH by accounting for the recent data on its structure. Hence, it is evident that
EGFP presents the required properties for use as natural, biocompatible and environmentally friendly neutral
to acidic pH-biosensors.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Green Fluorescent Protein (GFP) is a biomolecule with intense and
natural fluorescence, which can be easily quantified and evaluated,
allowing its application as a biomarker and biosensor [1,2]. However, al-
though GFP and other fluorescent proteins are widely used in research
as biomarkers [3], there is a lack of in-depth knowledge regarding the
structure and behavior in different environments ofmanyof its variants,
such as temperature and pH,which is the basis for awider development
of biosensors [4,5]. For example, only recently the crystalline structure
of the most popular recombinant GFP (variant Enhanced GFP, EGFP)
was elucidated [6,7], and none of the previous pH studies with EGFP
accounted this data for the variant [8–10]. Therefore, crucial informa-
tion for understanding and predicting EGFP behavior at different pH is
still missing, and studies of reversible modifications of this protein are
essential to improve its current use as a biosensor and for the develop-
ment of novel applications for EGFP.
PF, Department of Chemical
, 3030-790 Coimbra, Portugal.
The first fluorescent protein, known as wild-type GFP (wtGFP), was
originally isolated from the jellyfish Aequorea victoria [2]. Today, wtGFP
can be expressed by a series of organisms, like Escherichia coli (E. coli)
and Caenorhabditis elegans [1], and is extensively used as a biomarker
[11]. In its native form, the fluorophore of wtGFP is located inside a β-
barrel scaffold, formed by 11 β-strands and one central α-helix [12],
as can be seen in Fig. 1A. The fluorophore of wtGFP is formed by the au-
tocatalytic cyclization of the tripeptide –Ser65-Tyr66-Gly67, which con-
fers twopeaks offluorescencewithmaximum intensity at the excitation
wavelengths of 395 nm for the protonated states of the protein (higher
intensity peak) and 475 nm for its deprotonated state (lower intensity
peak) [11,13]. Despite its intense and natural fluorescence, wtGFP pre-
sents twomain disadvantages for biological applications, of 1) its ineffi-
cient folding above 20 °C [14] (below the optimal temperature for most
microorganisms and cells used in research, like E. coli, yeast and mam-
malian cell cultures [15,16]), and 2) its low intensity of fluorescence
when excited at higher wavelengths (which are preferred over lower
wavelengths that can damage biological samples) [11,14]. To overcome
these limitations, recombinant variants of wtGFP were developed, in-
cluding EGFP (mutations F64L and S65T) [17], which presented im-
proved folding above 20 °C and high fluorescence intensity when
excited at higher wavelengths [2,11].
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Fig. 1. A) Representation of the crystalline structure of the Aequorea victoriawtGFP expressed by E. coli, PDB ID: 1GFL. B) Representations of the crystalline structure of EGFP expressed by
E. coli, PDB ID: 2Y0G. Helix are presented in red, strands in green and coils in blue. C) Overlay of wtGFP structure (in colour) and EGFP (in gray). Images were produced with the PDB
structures [18] using UCSF Chimera 1.14. [19].
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Nowadays, EGFP variant is one of themost used fluorescent proteins
[20], but much about its behavior is still under investigation. For exam-
ple, it was originally stated that EGFP presented only the deprotonated
state as a result of favored S65Tmutation [6,21]. However, after the elu-
cidation of its crystalline structure (PDB ID: 2Y0G [7] and 4EUL [6], as
shown in Fig. 1B), it was noted that, similar to wtGFP, the variant
EGFP also present both protonated and deprotonated states. The
minor differences between the structures of EGFP and wtGFP can be
seen in Fig. 1C, mostly small alterations in the position of coils and
helix in the extremities of the protein. Hence, although there is litera-
ture on the stability of EGFP at different pH [8–10], the previous studies
were not aware of the presence of these two states for this protein, or
did not address the structural effects of pH on the protein. Therefore,
there is a need to reexamine the effect of pHon the structure and behav-
ior of EGFP, with a focus on how, and especially if, EGFP could be used
for the development of pH-biosensors.

Each GFP variant is stable over a different pH range. For example,
wtGFP is stable between pH 5.5 and 12.0 [14], with a pKa of 4.5 [2].
Whereas EGFP has a pKa of 6.0 [17], is less stable at acidic pH, and
more resistant to alkaline pH. The wtGFP has a low sensitivity to acidic
pH (viz. higher resistance to pH-induced fluorescence quenching),
while EGFP and GFP-S65T have a moderate sensitivity [10], and other
GFP variants such as pHluorin and pHluorin2 a high sensitivity [22].
The loss of fluorescence due to pH is not always undesirable for fluores-
cent proteins, and in the case of pHluorin and pHluorin2 [22], their low
resistance to acidic pH allows their application in the monitoring of in-
tracellular pH [8,22]. Additionally, changes to the environment of the
fluorescent proteins can lead to reversible and irreversible changes to
their fluorescence activity [11] – a crucial phenomenon for the develop-
ment of pH-biosensors [23,24].

Biosensors for medical applications are essential tools to detect and
monitor a series of diseases, and there is a great demand for them
with the increased focus on prevention over remediation of health is-
sues [25]. Because of their high sensitivity, fluorescent compounds are
particularly useful in the development of sensors [26–28]; however,
there are concerns that need to be addressed for the selection of
fluorophores for pharmaceutical formulations [25]. Although inorganic
fluorophores are easier to work with than fluorescent proteins, their
toxicity is a barrier for medical use. The toxicity of fluorescence dyes
have been reported decades ago [29], and more recently, cytotoxicity
at low concentrations was also reported on novel fluorophores like
quantum dots [30,31]. Fluorescent proteins have been extensively ap-
plied for biological studies, including in vivo assays, being biocompatible
with cells and animals, and presenting very low toxicities [11,32,33],
making them well suited for use in pharmaceutical formulations.
Additionally, fluorescent proteins are also biodegradable and
environmentally friendly, not presenting the same risks and difficulties
in disposal as some other organic and heavy metals-based fluorophores
[34].

Biocompatible pH-biosensors are particularly interesting for the
medical field, because some diseases are known to alter the pH around
the afflicted areas. For example, the region around tumors usually pre-
sents amore acidic pH than healthy tissues (with the average pH for tu-
mors around 7.0, and for healthy tissues around 7.4) [35,36]. Similarly,
there is a relationship between the acidic pH of synovial fluids and a va-
riety of joint diseases [37]. However, it should also be noted that these
applications are also dependent on the development of novel technolo-
gies, as for example, devices capable of subtracting the background au-
tofluorescence of tissues and biological materials which could interfere
with GFP fluorescence on in vivo experiments. A successful example is
the technology developed by Wack et al. to monitor pancreatic tumors
in mice, using GFP in a whole-body imaging system [38]. Hence, there
is great potential for pH-biosensors to diagnose and monitor different
diseases, and low toxicity is an essential requirement for their medical
applications and commercial use.

Additionally, we believe that there are other unexplored fields for
fluorescent protein application, which could benefit from more funda-
mental studies about their structure and behavior in aqueous solutions.
Particularly for EGFP, a recent work demonstrated the potential of this
GFP variant for developing novel environmentally friendly luminescent
solar concentrators, yielding power conversion efficiencies up to 30%
higher than the traditional systems commercially available [39].

Considering this information, the present work evaluated the
fluorescence and structure of EGFP at different pH, using three-
dimensional fluorescence spectroscopy (3D fluorescence), circular di-
chroism (CD), spectroscopy of the intrinsic fluorescence of proteins
(IFP) and small angle X-ray scattering (SAXS) in well-plates or with
size-exclusion chromatography (SEC-SAXS). All techniques were ap-
plied to elucidate the effects and processes associated with protein
unfolding and refolding at different pH. This in-depth study of EGFP sta-
bility in varying pH, and the evaluation of the relationship between
EGFP fluorescence and pH, provides important information for the de-
velopment of biomarker and biosensor applications of this low-toxic,
and natural alternative, to other fluorophores, such as dyes and
quantum dots.

2. Methods

2.1. Materials

Potassium Phosphate Buffer (PB) 10.0 mM pH 7.4 and Phosphate-
Saline Buffer (PBS) pH 7.4 (137.0 mM NaCl, 2.7 mM KCl, 8.0 mM
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Na2HPO4 and 2.0 mM KH2PO4) were selected to simulate physiological
conditions, considering that the main use of EGFP is in the medical and
biological fields. The PB 10.0 mM pH 7.4 was prepared with MilliQ
water, anhydrous dipotassium hydrogen phosphate (K2HPO4,
98–100.5%) from QHEMIS and anhydrous monopotassium hydrogen
phosphate (KH2PO4, 99%) from Synth (Brazil). PBS was prepared with
tablets from Sigma-Aldrich® and MilliQ water. The pH of the buffer
was corrected using 3 M solutions of phosphoric acid (H3PO4, 85 wt%
in H2O) and potassium hydroxide (KOH, 45 wt% in H2O), both from
Sigma-Aldrich®. Other reactants used in this study were acquired
from Sigma-Aldrich® and used as received. EGFP with >97.5% purity
was produced and purified using the method previously developed by
the group and published by dos Santos et al. [40].
2.2. pH stability of EGFP

The first set of experiments evaluated the fluorescence intensity of
EGFP in PBS at different pH (2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 7.4, 8.0, 9.0, 10.0,
11.0, 12.0 and 13.0) over time (0, 0.5, 1, 2, 3, 4, 5, 6, 24 and 48 h).
Then, EGFP in PB solution was exposed to different pH (from 2.0 to
9.0) for 30 min (time required for fluorescence stabilization at the
newpH conditions) and evaluated by CD and fluorescence spectroscopy
(3D and single point for GFP fluorophore and 2D for intrinsic fluores-
cence of proteins). Then, the pH of each sample was adjusted until the
solution reached neutrality (pH 7.4), and after 60 min, EGFP was again
assessed by CD and fluorescence analysis.

The relationship between fluorescence intensity of EGFP and pHwas
also evaluated. Fluorescence intensity (in units of fluorescence, UF) sin-
gle points were obtained for twelve different pH from 5.0 to 8.0 at F1
(λex 488 nm, λem 510 nm), in triplicate with a blank using an EnSpire®
Multimode Plate Reader, from PerkinElmer®.
2.3. Fluorescence analysis

The 3Dfluorescence emission spectra andfluorescence intensity sin-
gle points were acquired at 25 °C with a concentration of 5.4 μg·mL−1

([5.4 μg·mL−1 (200 pM)]) of EGFP, using a spectrofluorophotometer
RF-6000 SHIMADZU® for 3D spectra and a multimode plate reader
(EnSpire® Multimode Plate Reader, PerkinElmer®) for the single
points. The 3D fluorescence spectra of the fluorophore were acquired
with a variable wavelength range of excitation (λex) from 240 to
550 nm and emission (λem) from 470 to 570 nm (interval of 2.0 nm
for λex and 1.0 nm for λem, scan speed 6000 nm·min−1, λex bandwidth
10.0 nm and λem bandwidth 1.0 nm). From the 3D spectra, it was possi-
ble to extract emission and excitation curves for EGFP. The fluorescence
intensity points were obtained in triplicate with a blank with 10 ms ac-
cumulation time at F1 λex 488, λem 510 nm, the wavelength of highest
fluorescence intensity of EGFP in PB pH 7.4, as can be seen in Fig. S1 in
the SI. Considering EGFP bleaching half-life of 174 s [41] and the low ac-
cumulation time (10 ms), the experiment was designed to prevent
photobleaching in the single point analysis. EGFP in PBS pH 7.4 0 h
was the reference for 100% for the calculation of Relative FI (%). Results
were evaluated in triplicatewith a blank and presented asmean± stan-
dard deviation.

The intrinsic fluorescence of proteins (IFP, given by the presence of
the amino acids Tyr, Trp, and phenylaniline, Phe) [42] can also indicate
variations in protein conformation and structure. Their contribution
was evaluated by emission spectra in the λex 280 nm and λem range
from 290 to 410 nm (Tyr and Trp residues), with a scan speed of
200 nm·min−1, λex bandwidth of 3.0 nm and λem bandwidth of
5.0 nm. For the emission spectra of the intrinsic fluorescence of proteins,
the data was adjusted so that the FI of the last emission point (at λem

410 nm) of each sample was 0 UF after subtraction of the blank (spectra
of PB). Experiments were performed in triplicate with a blank.
2.4. pH and conductivity calibration and determination

The pH (±0.003) and conductivity (±1.0%mS·cm−1) at 25 (±1) °C
of the samples were measured using a portable pH meter and
conductometerMetrohm®/Model 914, calibratedwith standard buffers
for pH (values of 7.00 and 4.01) and standard solution of KCl
(0.1 mol·dm−3) for conductivity. The pH of each sample was adjusted
with 3 M solutions of KOH and H3PO4 (±0.1).

2.5. Circular dichroism (CD) analysis

The secondary structure of EGFP was obtained using CD with a J-
1500 spectrometer from Jasco®. The spectra were acquired at 25 °C in
triplicate with a blank, using a cell of 1 mm, scan speed
100 nm·min−1, wavelength from 300 to 190 nm, interval of 1.0 nm, 6
accumulations, Digital Integration Time (D.I.T.) of 4 s, bandwidth of
1.00 nm and concentration of 0.3 mg·mL−1 (11 μM) of EGFP. The
High Tension (HT) was maintained below 700 to obtain a reliable CD
signal. Experiments were performed in triplicate with a blank. CD anal-
ysiswas only conducted using the PB buffer since the chlorine ions pres-
ent in PBS solution are incompatible with CD.

CD results are presented asmean residue ellipticity ([θ]). The [θ] was
calculated using the following Eq. (1): [43].

θ½ � ¼ θ ∗MRWð Þ
P ∗ Cð Þ ð1Þ

where θ is the CD value (mdeg), MRW is the Mean Residue Weight of
the protein, P is the path length of the CD cell inmmand C is the concen-
tration of the protein in mg·mL−1.

MRW was calculated for EGFP following the Eq. (2): [43].

MRW ¼ MW protein Dað Þ
n of amino acid residues−1ð Þ ð2Þ

EGFP has a MW of 26.9 kDa and 239 amino acid residues, with an
MRW of 113.025 (Da·res−1). P was 1 mm and C was 0.3 mg·mL−1.

For the data processing, according to the critical review on CD from
Greenfield 2009 [43], most CD analysis software have difficulties in
predicting the secondary structure of proteins which are majorly
formed by β-strands, like EGFP. The most accurate results were ob-
tained with K2D and CONTIN programs. Considering K2D only predicts
the percentage of β-strands and α-helix, while CONTIN can also
calculate turns and make distinctions between regular and distorted
β-strands and α-helix, Dichroweb with CONTIN [44,45] set SP175 (op-
timized for the range of 190–240 nm) [46] was used for the CD data
analysis.

2.6. Small-angle X-ray scattering (SAXS)

The SAXS experimentswere performed at the SAXS/WAXSbeamline
of the Australian Synchrotron (ANSTO),Melbourne, Australia, using two
techniques which provided distinct information regarding EGFP behav-
ior at different pH: well-plate SAXS and Size Exclusion Chromatography
SAXS (SEC-SAXS). The SEC-SAXS is a newly developed SAXS technique
for the analysis of biomolecules (BIOSAXS), which combines SAXS
with size-exclusion chromatography (SEC) and a co-flow system,
allowing scattering patterns to be acquired continuously on the differ-
ent fractions of the protein sample [47]. Considering that EGFP is a
weak dimer [2], the protein can be found as a monomer, dimer or
even as aggregates, hence, the SEC-SAXS can provide information re-
garding the structure of the protein and the aggregates at different spe-
ciation. The well-plate SAXS was also evaluated because, although it is
from scattering from all the EGFP monomers and aggregates, and
hence lower quality data than SEC-SAXS, it can give information about
samples that are not suitable for SEC-SAXS, including samples with
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precipitates (for example, denatured proteins or protein solutions with
pH close to its pI). For SEC-SAXS, patternswere acquiredwhile the sam-
ple was flowed through a capillary, to minimize protein degradation.
The protein solution was under constant flow surrounded by a sheath
of the corresponding solvent, and is a technique suitable for weakly-
scattering protein samples, minimizing protein denaturation from
prolonged X-ray radiation. It has been designed to enable high quality
data with excellent background subtraction, which is suitable to com-
parison with protein models to obtain information about the tertiary
structure of the protein [47,48]. The capillary was washed between
samples, and the same location on the capillary was used for all mea-
surements to maximize accuracy in subtracting the solvent. The q
range selected for SAXSwas 0.006 to 0.53 Å−1. Details regarding sample
preparation, data collection parameters, use of software and structural
parameters can be found in Table S3 from the SI. Advanced technical
specifications for the equipment can be found in ANSTO website [49].
SAXS software scatterbrain 2.82 from ANSTO [50], ATSAS [51] and
SREFELX [52] were used for SAXS data analysis. The EGFP PDB ID
2Y0G [7,53] structure (Fig. 1B)was used as amodel for the SAXS fittings.

2.6.1. Well-plate SAXS
An initial test for concentrations 0.5, 1.0, 2.0, 2.5, 3.0, 4.0 and

5.0 mg·mL−1 (respectively 18.6, 37.2, 74.3, 92.9, 111.5, 148.7,
185.9 μM) of EGFP were evaluated to find the lowest concentration
which provided a strong and clear scattering signal. The concentration
of 2.5 mg·mL−1 (92.9 μM) of EGFP was selected. Samples were pre-
pared in buffer PB with pH adjusted to pH 4.0, 5.0, 6.0 and 7.4 and
after 30min, scattering in SAXSwasmeasured. Then, pH of the samples
was adjusted to 7.4 and after 60min,were evaluated by SAXS again. Ex-
perimentswere performedwith a blank and 15measurementswere re-
corded for each sample. The q range was 0.006 to 0.53 Å−1. Results are
presented as the average ofmeasurements after blank subtraction of the
corresponding solvent.

2.6.2. Sec-SAXS
The SEC-SAXS associates the SAXS technique with a High-

performance liquid chromatography (HPLC), using a size-exclusion col-
umn GE Healthcare® Superdex s200. Equipment and procedures
followed Ryan et al. specifications [47]. PB of pH 7.4, 6.5 and 5.5 were
used as eluent for the HPLC column, and filtered with an 0.5 μm mem-
brane. This pH range was selected because below pH 5.5 (due to loss
of structure) and around pH 6 (due to it being close to the pI of the
protein) there is precipitation, making the sample not suitable for
SEC-SAXS. 50 μL of sample was injected per run, with a flow rate
of 0.4 mL·min−1. The HPLC column was equilibrated for 15 min for
Fig. 2. Effect of pH in EGFP relative fluorescence intensity (FI) (%) over time (48 h). EGFP [5.4 μg
with a blank and presented as mean ± standard deviation.
each eluent and the run was recorded for UV (wavelengths 214 nm,
260 nm, 280 nm and 450 nm) and SAXS for 15 min per sample. A con-
centration test with sampleswith 2.0, 2.5, 3.0, 5.0 and 10mg·mL−1 (re-
spectively 74.3, 92.9, 111.5, 185.9 and 371.7 μM) of EGFP were
performed to find the lowest concentration which provided a strong
and clear scattering signal. The concentration of 5.0 mg·mL−1

(185.9 μM) of EGFP was selected. The samples were prepared with PB
with the same pH as the eluents and injected in SEC-SAXS after
30 min. For the presentation of the results, time was manually adjusted
so the SEC-SAXS peaks from the samples at different pH matched, con-
sidering the time of injection varied for each condition. The offset used
for the SEC-SAXS results was then applied for the time adjustment for
the Rg, MW, and UV results.

3. Results and discussion

3.1. Fluorescence activity of EGFP in function of pH and time

Thefirst set of assays evaluated the fluorescence activity frompH 2.0
to 13.0 over 48 h for the highest intensity peak of EGFP (F1, wavelength
of excitation (λex) 488 nm wavelength of emission (λem) 510 nm). Ta-
ble S1 from the SI presents the real pH and conductivity measurements
of the samples from Fig. 2. As shown in Fig. 2, the fluorescence of EGFP
was maintained in aqueous solutions with pH between 7.0 and 13.0.
When the pH was 6.0 and below, the fluorescence was significantly re-
duced. At pH6.0, EGFP lost aroundhalf of its relative Fluorescence Inten-
sity (FI) (%) when compared to EGFP at pH 7.4. At pH 5.0, there was a
decrease of more than 80% of EGFP fluorescence, and at pH 4.0 and
below, fluorescence was fully suppressed.

3.2. Study of the reversibility of fluorescence activity of EGFP in pH

The second set of experiments aimed to infer if the fluorescence
quenching of EGFP in neutral to acidic pH was reversible. For that pur-
pose, the EGFP was exposed to different pH for 30 min, followed by
60 min at pH 7.4. The exposure time of 30 min to the different pH was
selected since the fluorescence of EGFP was mainly stabilized after this
period (as can be seen in Fig. 2). In addition, the goal was to evaluate
properties for the development of biosensors with quick responses.
The pH 7.4 was selected as the control (reference for neutral pH),
pH 8.0 and 9.0 were chosen to evaluate the effect of alkalinity (consid-
ering there was almost no difference in fluorescence from pH 8.0 to
13.0). Furthermore, pHof 2.0, 3.0, 4.0, 5.0 and 6.0were selected to assess
the impact of acidity on EGFP structure, given the greater sensitivity of
the protein to lower pH values. Firstly, EGFP in potassium phosphate
·mL−1 (200 pM)] in PBS 0 h is the reference for 100%. Results were evaluated in triplicate
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buffer (PB) solutions were exposed to the different pH for 30 min and
the point fluorescence and 3D fluorescence spectra were acquired. Sec-
ondly, the pH of each EGFP solution was adjusted to reach neutrality
(pH7.4), and after 60min of stabilization, the EGFP fluorescence activity
was assessed again.

The reversibility of the pH-induced fluorescence loss for the highest
FI point of EGFP (F1) is shown in Fig. 3, where the black bars represent
the relative FI (%) after 30min at the different pH, and the red bars indi-
cate the intensity after returning to pH 7.4. The relative FI (%) of EGFP
decreased around 30% after 30 min at pH 6.0 (reaching 67.2 ± 0.9%);
however, 60 min after returning to pH 7.4 the relative FI returned to
80.3 ± 0.5%. In contrast, the fluorescence of EGFP after 30 min at
pH 5.0 decreased to 28.8 ± 0.1%, and only 55.3 ± 0.5% of relative FI
was regained after 60min at pH 7.4. The fluorescence of EGFPwas effec-
tively quenched after 30min exposure to pH4.0, 3.0 or 2.0, and the fluo-
rescence was restored up to 42.8% after 60 min returning to pH 7.4
(42.8 ± 0.4%, 38.8 ± 0.4% and 25.2 ± 0.3% of relative FI for pH 4.0, 3.0
and 2.0, respectively).

Considering wtGFP presents a pH-dependent fluorescence for its
protonated and deprotonated states [2], the 3D spectra of EGFP was
also evaluated to verify if this phenomenonwas also present for the en-
hanced variant. The 3D spectra can simultaneously assess excitation and
emission curves for the protein, and can indicate if blue or red shifts are
occurring. The 2D spectra (emission and excitation) are shown in
Fig. S4, and the complete 3D spectra in Figs. S2 and S3 of the SI, which
overall provide a more complete representation of the effects of pH on
EGFP fluorescence. The results presented in Figs. S4, S2 and S3 are con-
sistent with those shown in Fig. 3, with fluorescence quenching after
30 min of exposure to pH below 7.4. This again was followed by a
small return of fluorescence for pH 2.0 to 5.0, and an almost complete
return of fluorescence for pH 6.0 after the pHwas adjusted to neutrality
for 60 min. The maximum FI of EGFP was achieved at pH 8.0 for F1, as
shown in Figs. S4.A, S4·C and S2. No changes or shifts in the shape of
the spectra, or the maximum excitation and emission wavelengths,
were observed at the different pH, though the FI varied as previously
shown in Figs. 2 and 3. Relatively to EGFP at pH 7.4, Figs. S4.A and
S4·C show there was a slight increase of fluorescence at pH 8.0 and
9.0, while a fluorescence quenching was observed at pH 6.0 and below
(with greater fluorescence decrease for lower pH values). After the re-
turn to pH 7.4, as shown in Figs. S4·B and S4.D, the samples previously
kept at pH 6.0 had their fluorescence restored, while the ones at pH 5.0
presented only a partial recovering of fluorescence. On the other hand,
the samples kept at pH ≤4.0 had a very low return of FI, as proven by
both the EGFP emission and excitation spectra.
Fig. 3. Effect of pH in EGFP relative fluorescence intensity (FI) (%) after 30min exposure to
different pH (black bars ■), followed by return to pH 7.4 for 60 min (red bars ). EGFP
[5.4 μg·mL−1 (200 pM)] in PBS 0 h is the reference for 100%. Results were evaluated in
triplicate with a blank and presented as mean ± standard deviation.
3.3. Structural alterations of EGFP in function of pH

To obtain further insights behind the EGFP fluorescence reversibility
with pH, the effect of pHon the secondary and tertiary structure of EGFP
was analyzed using CD, IFP, well-plate SAXS and SEC-SAXS. As in the
previous experiments, EGFP in PB solutions were exposed to the differ-
ent pH for 30min and CD, IFP, well-plate SAXS and SEC-SAXSwere eval-
uated. Then, the pH of each EGFP solution was adjusted to reach
neutrality (pH 7.4), and after 60 min, EGFP was again assessed with
the aforementioned techniques.

The effects of pH on EGFP secondary structure were evaluated using
CD spectroscopy, and the results are presented in Fig. 4. In CD spectros-
copy, α-helix presents negative bands at 222 nm and 208 nm, and a
positive band at 193 nm, while β-helices have a negative band at
218 nm and a positive band at 195 nm [43]. EGFP secondary structure
at neutral pH is already reported in literature, [6] being comprised of
47% of β-strands (11 strands forming a β-barrel core, with the chromo-
phore located in its center), 13% of helical forms (310 and α conforma-
tions, with the core helix containing the chromophore) and 40% of
coils (mostly from loops located at the two ends of the β-barrel struc-
ture). As can be seen in Fig. 4A, from pH 5.0 to 9.0, there is a negative el-
lipticity observed from around wavelength 205 to 240 nm (negative
band for α-helix at 222 nm and 208 nm, negative band for β-strands
at 218 nm) and positive ellipticity from 190 to 205 nm (positive band
for α-helix at 193 nm and positive band for β-strands at 195 nm). The
CD spectra at Fig. 4A for pH 5.0 to 9.0 matches other CD studies for
EGFP [54,55]. However, at pH 5.0, there was a decrease in both positive
and negative ellipticities, suggesting that the protein suffered secondary
structural changes at this condition. From pH 2.0 to 4.0, there are clearly
further alterations, not only in the intensity, but in the shape of the spec-
tra, consistent with modifications to the secondary structure of EGFP.
The CD spectra of the samples after returning to the neutral pH of 7.4
for 60 min are shown in Fig. 4B. The EGFP which was exposed to
pH 5.0 partially recovered its ellipticities, and similarly, EGFP exposed
to pH 2.0, 3.0 or 4.0 had their positive and negative ellipticities and in-
tensities partially restored. However, the samples exposed to these
lower pH values had lower intensities relative to the EGFP maintained
at pH 7.4, with EGFP exposed to pH 5.0 being closest in intensity and
shape to EGFP in pH 7.4.

In Fig. 4C and D, and Table S1 from the SI, the results for the CD anal-
ysis with Dichroweb CONTIN-LL (set SP175) are presented. As can be
seen in Fig. 4C and Table S1, the results for EGFP at pH 7.4 match very
closely with the previous reports for the crystalline structure of EGFP
at neutral environments [6], as confirmed by the 1% variation for the cal-
culated β-strands and helical forms, respectively 48% and 12% for this
study, versus 47% and 13% for EGFP crystalline structure described in lit-
erature [6], confirming the accuracy of our CD data analysis. This setwas
then selected for subsequent studies of the effect of pH on EGFP second-
ary structure and recovery after pH neutralization. In Fig. 4C, it is possi-
ble to see there are nomodifications on the secondary structure of EGFP
from pH 6.0 to 9.0. On the other hand, from pH 5.0 to 2.0, there is an in-
cremental decrease on β-strands and an increase on unordered struc-
tures of EGFP. Although the modifications on overall helical forms are
small (Fig. 4C), Table S2 shows that with the decrease of pH, the per-
centage of distorted α-helix is higher than at neutral and alkaline pH.
From Fig. 4D, with the return of pH to neutrality, it is possible to observe
that EGFP almost, but not completely, recovers its secondary forms after
being exposed to pH 5.0, while only a partial recovery occurs for pH
values ≤4.0. At acidic pH values (≤4.0), EGFP still has a higher proportion
of unordered forms and distorted α-helix, with only a partial recovery
of β-strands. The CD data is helpful for understanding why less than
50% of EGFP FI returns after the pH adjustment to neutrality.

The IFP was also evaluated for information on the effect of pH on
EGFP, as presented in Fig. 5. The IFP provides information about the con-
formation and stability of proteins, because the fluorescence of certain
amino acids [namely, tryptophan (Trp), tyrosine (Tyr) and
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phenylalanine (Phe)] are strongly influenced by their surrounding envi-
ronment and position in the protein structure [56]. The emission of the
Tyr residues can be affected by proton loss, rotational motions in the
protein and the presence of quenching groups close to the protein.
Hence, these alterations in fluorescence can provide information about
structural changes in the protein surface [56]. As can be seen in
Fig. 5A, in general, the shape of the spectra and the maximum peaks
A) 30 min in pH B
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Fig. 5. Emission spectra of fluorescence of tyrosine and tryptophan of EGFP [5.4 μg·mL−1 (20
B) 30 min exposure to different pH + 60 min return to pH 7.4. Data presented as fluorescence
for the IFP of EGFP after 30min at different pHwas not changed. The ex-
ception was the EGFP exposed to a pH of 2.0, where the shape of the
emission spectra was altered. The FI of the IFP changed according to
the pH, following the trend previously observed in the fluorescence
and CD studies, with a decrease of intensity with decreasing pH. This ef-
fect was expected considering a change in the surround environment
can alter the IFP because it modifies the exposure of the fluorescent
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0

200

400

600

800

315 335 355 375 395 415

FI
 (U

F)

λem (nm)

pH 9.0
pH 8.0
pH 7.4
pH 6.0
pH 5.0
pH 4.0
pH 3.0
pH 2.0

0 pM)] at excitation wavelength of 280 nm after A) 30 min exposure to different pH and
intensity (FI) in unities of fluorescence (UF).



3480 N.V. dos Santos et al. / International Journal of Biological Macromolecules 164 (2020) 3474–3484
amino acids. However, on returning all samples to pH 7.4 in Fig. 5B, the
intensity of the IFP should return if the structure of the protein goes back
to its usual form. This return was observed for pH 4.0 to 9.0, but not for
pH 2.0 and 3.0. This suggests the alterations for pH 2.0 and 3.0 were too
severe, and even with the neutralization of pH, the arrangement of the
protein and the fluorescent amino acid residues did not return to the
same position as in the properly folded EGFP. The results suggest
there is a partial maintenance of the secondary structure of EGFP,
which allows an incomplete recovery of some amino acid positioning,
even after exposure to very acidic pH (pH 3.0 and 2.0). Additionally, al-
though there is only a partial return of activity for EGFP after exposure
to pH 4.0, there is enough structural restoration to recover amino acid
positioning. However, as observed in CD, there are permanent alter-
ations in secondary structure elements, which in turn, reduce the chro-
mophores capacity to emit fluorescence.

To evaluate the effect of pH on EGFP tertiary structure, two SAXS
techniques were applied: well-plate SAXS and SEC-SAXS. SAXS can pro-
vide data regarding the structure and structural transition of biomole-
cules in solution, but for accurate determination, monodisperse and
dilute samples are required [47]. In the SEC-SAXS technique, the use
of chromatography to separate different species frompolydisperse solu-
tions allows the evaluation of complex biological samples, as for exam-
ple, proteins in different solvents or in solutions with distinct pH [47].
However, although SEC-SAXS can provide better resolution and more
accurate information on EGFP as a monomer, this method is not appro-
priate for samples with large aggregates, as for example those with pH
close to the pI, or denatured proteins. Hence, to obtain broader informa-
tion on the behavior of EGFP after 30min at different pH, both methods
were used. Additionally, EGFP after 60 min return to pH 7.4 was evalu-
ated on the well-plate SAXS.

The results for the well-plate SAXS are shown in Fig. 6. Since q is in-
versely proportional to real space, scattering at lower q are associated
with larger specimens in the samples, while higher q is related to scat-
tering of smaller species. The inclination at low q (below log q
0.06 Å−1) in Fig. 6 for all conditions indicates the presence of aggregates
for all the samples in the well-plate SAXS. Considering EGFP is a weak
dimer prone to aggregation [2,9] and the concentration is high
[2.5 mg·mL−1 (92.9 μM)], the presence of species with different sizes
was expected, and was the reason why SEC-SAXS was also evaluated
for clearer data on the structure and distribution of the different forma-
tions where possible. Because of the heterogeneity of the species in
Fig. 6, it was not possible to fit the scattering tomodels, but the behavior
of EGFP at different pH could still be assessed.

In Fig. 6A, it can be seen that the EGFP at pH 5.0, 6.0 and 7.4 had effec-
tively identical scattering, except for variation in the larger aggregates at
low q, where it appears that the proportion of aggregates present
A) 30 min in pH
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Fig. 6.Well-plate SAXS of EGFP [2.5mg·mL−1 (92.9 μM)] after A) 30min exposure to different p
in log of intensity (Log I) and log of q (Å−1).
increased with decreasing pH. This indicates that, at pH 5.0 and 6.0, the
overall structure of EGFP is maintained, but the formation of associations
and aggregates is favored. For EGFP at pH 6.0, the aggregation could be
due the proximity to the pI of the protein (6.2) [57], and not necessarily
because of structural alterations. For EGFP at pH 4.0, there is not only
the formation of aggregates at lower q, but the shape of the scattering
at higher q was also altered, confirming structural changes of EGFP.
After the return to pH 7.4 (Fig. 6B), there was a decrease in larger forma-
tions for both pH 5.0 and 6.0, with the latter presenting a scattering al-
most identical to EGFP at pH 7.4. However, for EGFP at pH 4.0, the
return to pH 7.4 led to greater differences between this sample and the
EGFP maintained at pH 7.4. This suggests that, at pH 5.0 and 6.0, EGFP
mostly retains its tertiary structure with aggregation more favorable
than at pH 7.4, while at pH 4.0 there was extensive structural modifica-
tions in the EGFP structure. This is in accordance to the previous fluores-
cence and CD studies, and can explain why EGFP can fully recover its
fluorescence activity after exposure to pH 6.0, while there is only a partial
recovery for pH 5.0 and even lower for pH 4.0.

The SEC-SAXSwere acquired continuously on all fractions through the
HPLC as a function of time. The average intensity of each SAXS pattern
over time is provided in Fig. S5 of the SI. The EGFP at pH 7.4 was chosen
as the neutral control, and pH 6.5 was selected instead of pH 6.0 to
avoid the pI of EGFP (pH 6.2) [57], because proteins precipitate at the pI
and could clog the HPLC column. The pH 5.5 was selected instead of 5.0
and 4.0 because EGFP starts precipitating at these lower pH values.

Aswas previously stated, EGFP is aweakdimer [2], and in addition to
its monomeric form, it can appear as dimers or other associations at
higher concentrations. The highest average intensity of the SAXS pat-
terns around frame 250 in Fig. S5A, represents the monomeric EGFP,
the peak between frames 200 and 250 is from the EGFP dimer, and
the plateau between frames 150 and 200 is attributed to larger associa-
tions or aggregates. The scattering in Fig. S5A for pH 7.4 and 6.5 is very
similar, with a slight decrease in dimers for pH 6.5. However, there is a
large decrease in the proportion of dimers and aggregates for pH 5.5,
and there is also alteration to the shape of the monomeric EGFP. Al-
though usually higher concentrations of aggregates are associated
with lower protein stability [58], considering the alterations to EGFP
monomer, this could represent an intense stress at pH 5.5, which disso-
ciated aggregates and also altered the structure of the protein.

The radius of gyration (Rg) and molecular weight (MW) were
obtained for each SAXS pattern and are provided in Fig. S5B and C, re-
spectively, for the EGFP sample after going through the HPLC column.
The x-axis is the same for Fig. S5A, B and C, to allow comparison. The
broad range of Rg andMW values for EGFP at pH 7.4 indicates a hetero-
geneity in species sizes in the sample, with the larger species eluting
first. Although the EGFP at pH 6.5 generally matches EGFP at pH 7.4
B) 60 min return to pH 7.4
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for frames between 250 and 300, there are sections missing for this pH.
The pH of 6.5 was chosen in an attempt to minimize precipitation near
the pI of EGFP of 6.2 [57]. However, this data suggests the difference of
0.3 in pHwasnot enough to avoid the precipitation. Therefore, themiss-
ing sections for Rg andMW for EGFP at pH 6.5 are attributed to aggrega-
tion due to pI proximity. For EGFP at pH 5.5, the Rg and MW do not
match those seen for EGFP at pH 7.5. There is a narrower dispersion of
Rg values than at 6.5, indicating less aggregates are present. The MW
of EGFP is 26.9 kDa [6], which is consistent with the plateau around
frames 250 and 200 for EGFP monomer at pH 7.4 and 6.5, but there is
no clear plateau in MW for EGFP at pH 5.5.

The HPLC allows the monitoring of the UV absorbance (A) of the
samples simultaneously to the SEC-SAXS acquisition. Similar to the
IFP, amino acids also have absorbance spectra and these can provide in-
sight about alterations to the protein structure or its environment
[59,60]. The absorbances at λ 214 nm, 260 nm, 280 nm and 450 nm
are shown in Fig. S5D. The λ of 214 nm is associated with Phe absor-
bance, while 260 nm and 280 nm are related to Tyr and Trp absor-
bances. The λ of 450 nm was chosen to detect EGFP absorbance. As
can be seen in Fig. S5D.1, D.2 and D.3, pH 7.4 and pH 6.5 exhibited sim-
ilar absorbance as a function of time, with some reduction in intensity of
pH 6.5 for the 450 nm absorbances (as shown in Fig. S5D.4). In contrast,
EGFP at pH 5.5 had an absence of the first two peaks at 214 nm, and the
absence of the first peak for 260 nm, 280 nm and 450 nm (Fig. S5D).
A ) SEC-SAXS sca�ering and Guinier plot
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Fig. 7. Analysis of the monomeric fraction of EGFP [5 mg·mL−1 (185.9 μM)] from SEC-SAXS.
presented in log of intensity (Log I) and log of q (Å−1) for SAXS and natural log of intensity of
C) Radius of gyration (Rg) and images of monomeric EGFP structure after 30 min at different
ID 2Y0G file [7]. The top images are the lateral view of EGFP structure and the bottom images a
These alterations indicate changes to the chromophore (due to the
450 nm spectra) and for amino acid environment/positioning (due to
changes of lower wavelengths spectra) at pH 5.5, in accordance with
the previous results observed in this study.

The SAXS scattering, structure of EGFP, p(r) and Rg for the mono-
meric fraction of EGFP at different pH after SEC-SAXS are presented
in Fig. 7. The SAXS scattering for the monomeric EGFP fraction of
samples exposed for 30 min to pH 7.4, 6.5 and 5.5 are shown in
Fig. 7A. The corresponding p(r) are shown in Fig. 7B, which presents
similar size distributions for EGFP at pH 7.4 and 6.5. However, on re-
ducing the pH to 5.5, the distribution is skewed to larger sizes. The
SAXS patterns were fitted to EGFP using PDB ID 2Y0G [7], and refined
using SREFLEX [52]. Snapshots of these structures are provided in
Fig. 7C, comparing the refined structures (cyan) to the 2Y0g PDB
structure (green). The EGFP structure at pH 7.4 overall matched
well to the PDB file, and was similar to the PDB file at pH 6.5. How-
ever, at pH 5.5, strands around the β-barrel are loosened and the bar-
rel appears to be slightly “squashed”. Additionally, the Rg for the
EGFP at pH 7.4 (20.37 Å) [61] is very similar to reports for the mono-
meric variation of EGFP (m-EGFP, Rg of 20.29 ± 1.00 Å), but there is
an increase on the Rg at pH 6.5 (21.46 Å) and pH 5.5 (23.32 Å). This
suggests there were modifications on EGFP tertiary structure after
30min at pH 5.5, which can be responsible for the fluorescence activ-
ity decrease (in comparison with pH 7.4.
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A) SEC-SAXS and Guinier plot of EGFP after 30 min exposure to different pH. Results are
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pH. Structures generated in SREFLEX using SEC-SAXS scattering and fittings to EGFP PDB
re the overview. EGFP PDB ID 2y0G shown in Green and refined fit to data shown in Cyan.



pKa = 5.69

Fig. 8. Average Fluorescence Intensity [FI, ×103 unities of fluorescence (UF)] of EGFP
(5.4 μg·mL−1) over pH. FI was acquired at EGFP peak (F1, λex 488 nm, λem 510 nm) in
triplicate with a blank. Results were fitted to a growth/sigmoidal dose response model
to calculate pKa.
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3.4. Impacts of pH on the activity and structure of EGFP

Allying the results from the fluorescence activity with the structural
studies, it is possible to infer that EGFP is highly stable towards alkaline
pH (7.4 to 13.0), lightly quenched from neutral to weakly acidic pH (8.0
to 5.0, with pKa 5.69) and heavily quenched below pH 5.0 (5.0 to 2.0,
Fig. 2). For pH 6.0, the fluorescence was almost completely recovered
with the return of pH to neutral, but only partially recovered for
pH 5.0 to 2.0 (Figs. 3 and S4). As confirmed by CD (Fig. 4) and SEC-
SAXS (Fig. 7), this occurred because there was no modification in the
secondary and tertiary structure of EGFP at pH 6.0, hence, this effect
was likely due to changes caused by a reversible protonation. However,
therewas structural modification, even at the secondary structure level,
frompH5.0 to 2.0 (as can be seen by CD in Fig. 4 for pH5.0 and below, in
IFP in Fig. 5 for pH 3.0 and 2.0, and for pH 5.5 and lower in well-plate
SAXS and SEC-SAXS, Figs. 6, 7 and S5). This can explainwhy the fluores-
cence dequenching was only partial below pH 6.0.

This observation is consistent with what has previously been ob-
served for wtGFP, which has two protonated states and reversible fluo-
rescence quenching from pH 5.5 to 12.0 due to an equilibrium between
protonated and deprotonated states [14]. The results indicate EGFP pre-
sents the same behavior from pH 6.0 to 13.0, with state changes due to
protonation causing reversible fluorescence quenching.

The irreversible fluorescence loss of another GFP variant
(superfolder GFP, sfGFP) was previously studied using Nuclear Mag-
netic Resonance (NMR) by Andrews et al. [62]. The study presented ex-
perimental evidence that sfGFP chromophore flexibility is associated
with the mispacking of intermediate states, where sfGFP folding under
certain conditions can lead to a loosely packed or incorrect barrel. This
effect can decrease the rigid of the structure necessary for fluorescence,
[62] supporting why a fluorescent protein can recover its overall struc-
ture but still present irreversible fluorescence loss.

With this study, it was possible to update the knowledge regarding
the fluorescence activity and structure of EGFP at different pH consider-
ing its two states, confirming EGFP is more similar to wtGFP than origi-
nally reported.
3.5. EGFP as analytical neutral to acidic pH-biosensors

Envisaging a further development of pH-biosensors, the relationship
between EGFP fluorescence and pH was determined, assessing the
viability of using EGFP as analytical tool. For that purpose, EGFP FI in
the pH range from 3 to 9 was further evaluated. Fig. 8 shows the fitting
of the sigmoidal curve to a growth/sigmoidal dose responsemodel. [63]
From this sigmoidal curve, it was possible to determine the pKa of 5.69
for EGFP, identical to the pKa of 5.7 previously found by Bomati et al.
[63] for the same GFP variant.

Thefit of the sigmoidal curve for EGFP had a R2>0.99, and small var-
iations of pH produced discernable variations in the FI, particularly in
the range of 5–8. Considering some relevant diseases like tumors and
joint diseases can present a decrease in pH around the afflicted areas
(with the average pH for tumors around 7.0, and for healthy tissues
around 7.4) [35–37], there is a strong potential for application of EGFP
in the development of biosensors for these conditions.

4. Conclusion

This study provides an update on previous knowledge regarding
EGFP behavior at different pH and is in accordance with recent studies
on the crystalline structure and fluorescence properties of EGFP. This
further confirms the similarities between EGFP and wtGFP, with both
having protonated and deprotonated stateswhich cause reversible fluo-
rescence quenching. This knowledge, alliedwith the strong dependence
of EGFP fluorescence on pH also confirms that this protein presents the
required properties for the development of novel biocompatible and en-
vironmentally friendly neutral-to-acidic pH-biosensors.

Abbreviations

λem wavelength of emission
λex wavelength of excitation
EGFP enhanced GFP
F1 EGFP fluorescence peak at λex 488 nm and λem at 510 nm

(highest intensity peak)
FI fluorescence intensity
IFP intrinsic fluorescence of proteins
PB potassium phosphate buffer
Phe phenylaniline
SAXS small angle X-ray scattering
SEC-SAXSsize-exclusion chromatography SAXS
Trp tryptophan
Tyr tyrosine
UF units of fluorescence
wtGFP wild-type GFP
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