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ABSTRACT: Thermal green protein (TGP) is an extremely stable, highly
soluble synthetic green fluorescent protein. The quantum yield of TGP is
lower than the closest related natural fluorescent protein, monomeric Azami-
Green. We improved the thermal recovery of TGP through the introduction
of a chromophore mutation, Q66E. Furthermore, we developed a yellow
thermal protein (YTP) via mutation of histidine 193 to tyrosine.
Incorporation of Q66E into YTP (YTP-E) improved chemostability and
pH stability. Both YTP and YTP-E have superior thermostability compared
to TGP or TGP-E. These proteins offer a new option for green or yellow
fluorescence under harsh chemical or thermal conditions.

■ INTRODUCTION
The discovery of green fluorescent protein (GFP) by
Shimomura et al.1 and further development through cloning,
expression,2 and engineering for desired colors and features has
caused fluorescent proteins (FPs) to become an indispensable
tool for multiple fields of research.3,4 The usefulness of FPs
stem from the ability of the chromophore to form entirely from
the protein sequence encoded by DNA spontaneously with
only a requirement for molecular oxygen.3 The properties of
GFP can be altered by mutation of specific protein residues,
which result in changes in absorbance and fluorescence, faster
protein folding, and other useful properties including
biosensors and photo-switchable properties.5−8

Thermo green protein (TGP) (RCSB PDB 4TZA) is an
unusually thermostable and non-aggregation-prone fluorescent
protein that was engineered from the fluorescent protein
eCGP123.9 The fluorescent protein eCGP123 was derived
from the synthetic consensus green protein (CGP) with
directed evolution used to improve thermostability.9,10 TGP
has strong advantages over other available FPs in experiments
utilizing harsh thermophilic conditions or when there are
concerns about protein aggregation affecting assay results, for
example, in amyloid assays.6,11,12 TGP has also been used to
construct a chimera between the light and heavy chain variable
regions of antibodies, permitting one-step fluorescence assay
for fluorescent-activated cell sorting.13 TGP has an 87%
identity to monomeric Azami Green (mAG) from Galaxea
fascicularis and 33.3% identity to the Aequorea victoria GFP.
Like other fluorescent proteins, TGP is an 11-stranded β barrel
protein with a central α helix that contains three residues
(QGY) that form the chromophore.11 This is the same QGY
chromophore found naturally in mAG14 and the red

fluorescent protein DsRed,15 while in GFP, the chromophore
is SGY.3 It is well established that alterations in the
chromophore residues or local environment will have an
impact on chromophore excitation and emission wavelengths.
Blue, cyan, and yellow versions of GFP have been made by
mutating residues in or around the chromophore.3,4,15 To
generate a yellow version of GFP (YFP), histidine or tyrosine
was incorporated under the chromophore, leading to a π-stack
interaction.4 For YFP, additional rounds of mutation were
required to improve the pH stability, folding rate, expression
temperature, and sensitivity to chloride ions.16,17

Our goal was to develop a yellow fluorescent version of
TGP. In TGP, a π-stack interaction is already present with the
chromophore and histidine 193. We used site-directed
mutagenesis to mutate histidine 193 to tyrosine, leading to a
yellow variant (YTP) that has better thermo and similar
chemical and pH stability properties than TGP. However, this
mutation results in a drastic loss in quantum yield. For both
GFP and the monomeric derivative mRFP1 from DsRed,
mutation at the first chromophore residue can alter their
spectral characteristics. For GFP, one of the earliest improve-
ments was made through mutation of serine 65 to threonine.
This mutation improves ionization of the chromophore
phenol, resulting in a single excitation peak at 489−490 nm.3

In DsRed, mutation of the glutamine at residue 66 can
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substantially change the excitation and emission spectra;
subsequently, this led to the development of a series of yellow
to red mFruit proteins.15 Altering the hydrogen bond network
between the chromophore and fluorescent protein is known to
affect the spectral properties and quantum yield of fluorescent
proteins;18 accordingly, we mutated the chromophore residue
glutamine 66 to glutamate in both the TGP and YTP proteins
(TGP-E and YTP-E). We hypothesized that this change would
not affect the volume of the amino acid, which may have
caused steric clashes but may significantly alter the hydrogen
bonding network between the chromophore and nearby
residues. Although this single mutation did not significantly
alter the quantum yield of TGP-E and YTP-E, it did change
the thermal stability of these proteins. Both yellow variants had
thermostability superior to that observed with either TGP or
TGP-E. In addition, YTP-E is also more pH stable.

■ METHODS
Site-Directed Mutagenesis of TGP. The gene for TGP

(synthetic protein) in the pETCK3 expression plasmid was
provided from Los Alamos National Laboratory. Oligonucleo-
tide primers (Table 1) were purchased from Thermo Fisher
Scientific to incorporate a tyrosine at histidine 193 and a
glutamate at glutamine 66. In addition, the Q66E mutation was
made using TGP H193Y (YTP) to form a double mutant. The
full sequence comparisons of TGP to mutant proteins are
provided in Figure 1. Mutations were introduced using the
Agilent QuickChange II site-directed mutagenesis kit. Plasmid
purification was carried out using a GeneJET plasmid miniprep
kit (Thermo Scientific). Purified plasmid was sequenced at
ACGT, Inc. to verify proper incorporation of mutation.

Expression and Purification of Proteins. Proteins were
expressed in Escherichia coli (E. coli) BL21(DE3) cells. A single
colony was selected of each mutant and grown overnight in a
50 mL liquid Lennox broth (LB) with 50 μg/mL kanamycin at
37 °C. Next, 25 mL of the overnight culture was added to 1 L
of LB with 50 μg/mL kanamycin and grown at 37 °C until the
OD600 was greater than 0.4. Then, 1 mM IPTG was added to
induce protein expression and the temperature was reduced to
30 °C. Finally, E. coli cells were harvested by centrifugation
after 1 day of growth and stored as pellets at −80 °C. In
addition, for YTP and YTP-E, the volume of growth was
doubled to 2 L in terrific broth media and growth after
induction was increased to 3 days at a lower temperature of 26
°C.

Protein was extracted from E. coli cells using sonication on
ice for a total of 90 s with 30 s rests in lysis buffer (0.1 M Tris,
pH 7.4, 10% glycerol, 0.3 M NaCl) followed by centrifugation
at 20,000 rpm. The lysate was then purified by affinity
chromatography using NiNTA agarose (Gold Biotechnology).
For YTP and YTP-E, the NiNTA affinity column was run by
gravity. Protein was washed with 10 mM imidazole added to
the lysis buffer and eluted in elution buffer (0.1 M Tris, pH 7.4,
10% glycerol, 0.2 M imidazole). Protein was further purified by
ion exchange chromatography using a DEAE column (Bio-
Rad) and eluted with a final buffer (0.1 M Tris, pH 7.4, 10%
glycerol, 0.5 M NaCl). Purity was ascertained through SDS-
PAGE using ImageJ (NIH) to quantify and determine the
purity by densitometry of the 28 kDa band for each protein
compared to other bands present in the gel (Supporting
Information, Figure S1).19 For three preps of protein, the
average purity ± standard errors are TGP = 75 ± 3%, TGP-E =

Table 1. Primers Used for Site-Directed Mutagenesis

mutation forward primer reverse primer

H193Y CACGAGGTGGACTACCGCATTGAAATCCTG CAGGATTTCAATGCGGTAGTCCACCTCGTG
Q65E CCAGCCTTCGAATACGGC GCCGTATTCGAAGGCTGG

Figure 1. Protein sequence alignment of TGP-E, YTP, and YTP-E to TGP.
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92 ± 8%, YTP = 29 ± 2%, and YTP-E = 31 ± 7%. Both yellow
fluorescent proteins were never obtained at the same purity as
TGP and TGP-E; however, under native gel conditions, the
major lower-molecular-weight contaminant does not fluoresce
(data not shown). Inclusion of ProBlock Gold Bacterial
Protease Inhibitor Cocktail (GoldBio) at a 1× concentration
prior to lysis during purification did not improve the protein
purity, suggesting that this major lower-molecular-weight
contaminant may result from improperly folded protein during
the expression (Supporting Information, Figure S2). The
protein was stored at −80 °C in the final buffer. Protein had no
difference in absorbance or fluorescence after 6 months of
storage or repeated freeze−thaws (up to three times). The
protein can be concentrated up to 200 mg/mL with no
aggregation noted. Protein was thawed from the freezer prior
to use in experiments.
Measurement of Ultraviolet (UV) and Visible Absorp-

tion Spectra. Absorbance spectra of variant TGP proteins
were measured using purified proteins with a Shimadzu UV-
2101PC spectrophotometer from 700 to 250 nm. Extinction
coefficients at 280 nm were determined using ProtParam at
Expasy.org.20 Extinction coefficients for chromophores were
determined at absorbance below 0.2 (lmax

Abs) and computed
using Beer’s law. These measurements represent the
calculation from the protein with the greatest purity from at
least three purifications.
Measurement of Fluorescence Excitation and Emis-

sion Spectra and Quantum Yield. Fluorescence emission
and excitation spectra were recorded on a Perkin Elmer LS55
fluorescence spectrometer with a 1 cm pathlength quartz
cuvette at room temperature. To determine the quantum yield,
the relative method was used with fluorescein (Fisher
Scientific, Acros Chemicals, 99% pure laser grade) in 0.1 M
NaOH as a standard, ϕF = 0.792. Equation 1 below was used
to determine the quantum yield values of each protein21−23
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where the subscripts ST and X denote the standard and
sample, respectively, ϕ is the fluorescence quantum yield, m is
the slope of the line obtained by the plot of integrated
fluorescence intensity (peak area) vs absorbance, and n is the
refractive index of the solvent wherein the literature value is
1.33 for solvents used.21 A total of five or six measurements
were taken for each sample at different concentrations. The
standard error was calculated based on the linear regression fit,
and error propagation was used to determine the error
associated with each quantum yield measurement. A one-way
analysis of variance (ANOVA) was used to compare the
statistical significance of the QY of YTP, YTP-E, TGP, and
TGP-E. Total absorbance values below 0.1 were used for all
measurements. The accuracy was cross verified using harmine,
ϕF = 0.45, as a positive control. The value derived for harmine
(Fisher Scientific, Indofine Chemical, 99% purity) with eq 1
was within 5% of the literature value.
Thermostability Measurements. Thermostability meas-

urements for TGP, TGP-E, YTP, and YTP-E were acquired on
an RT-PCR (QuantStudio 6 Applied Biosystems). For
measurements, 3.75 pmol of the sample was added to assay
buffer (0.1 M Tris, pH 7.4, 20 mM MgCl2) in a 96-well PCR
plate. For stability measurements, fluorescence was recorded at
25 °C prior to temperature ramping to either 90 or 60 °C after

which fluorescence was measured once per minute. An FAM
filter was used, which has 470 ± 15 nm excitation and 520 ±
15 nm emission. For analysis, the percent fluorescence
remaining was normalized to the fluorescent value at 25 °C
prior to heating. For unfolding and refolding kinetics, the same
sample set-up was used with the temperature ramped from 25
to 99 °C at a rate of 0.9 °C per minute and recorded every 1.7
s. The temperature was then rapidly decreased to 25 °C, and
the fluorescence was measured every 30 s for an hour. The
temperature ramping followed by recovery (one cycle) was
repeated consecutively four times (four cycles) with at least
four biological replicate samples.
Chemical Denaturation. Purified fluorescent protein

(3.75 pmol) was diluted into an assay buffer (0.1 M Tris,
pH 7.4, 20 mM MgCl2) containing guanidinium HCl (Gdn
HCl) concentrations ranging from 0 to 8 M. Fluorescence was
measured on a SpectraMax M5 plate reader. The excitation
and emission wavelengths were set to excitation at 485 nm,
emission at 508 nm for TGP and TGP-E and to excitation at
510 nm, and emission at 525 nm for YTP and YTP-E. To
determine the time required to reach equilibrium, measure-
ments of samples in 0−8 M Gdn HCl were obtained after 1 h,
5 days, and 10 days at room temperature. The 5- and 10-day
measurements were consistent for all proteins, indicating that
equilibrium was reached. Fluorescence was normalized to the
value of the 0 M guanidium HCl sample for analysis and to
ensure that measurements were at equilibrium, the 10-day
incubation time was used. The Cm of Gdn HCl (where a 50%
loss in fluorescence/melting occurred) were determined from
sigmoidal dose−response fitting using GraphPad Prism 9. All
experiments were done with four biological replicates (from
two preparations of protein), and standard error (SEM) is
shown as error bars.
Sensitivity to pH. Purified fluorescent protein was diluted

15-fold into 0.1 M glycine-phosphate-citrate buffers with 0.1 M
NaCl at varying pH levels (3−10) and incubated at room
temperature for 1 h. Fluorescence was measured with the
SpectraMax M5 plate reader with the same excitation and
emission wavelengths as the chemical denaturation assay.
Fluorescence was normalized to the pH with the highest
fluorescence for each protein.5 In the case of YTP-E, each trial
had a different pH value that was maximal; therefore, when
plotted in replicate, there was no single pH with a consistent
value near 100%. All experiments were performed with five
biological replicates from two preparations of proteins.

■ RESULTS
TGP Mutants. With pETCK3 TGP as an initial material,

histidine 193 was mutated by site-directed mutagenesis to
tyrosine resulting in a redshifted protein (YTP). An additional
mutation in the chromophore, Q66E, was incorporated into
both TGP and YTP (TGP-E and YTP-E). Incorporation of
desired mutation was verified by DNA sequencing at ACGT,
Inc.
Properties of Fluorescent Proteins. All four proteins

were expressed in BL21(DE3) cells and purified. After
purification, their excitation and emission properties (Figure
2 and Table 1) were obtained. The spectral features of YTP
were similar to other yellow fluorescent proteins with an
excitation wavelength of 513 nm and an emission wavelength
of 526 nm. TGP-E is slightly redshifted compared to TGP.
The quantum yields were significantly decreased for YTP and
YTP-E compared to TGP (Table 2).11 Our quantum yield
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measurements had a higher value of 0.83 ± 0.04 for TGP and
then the value reported by Close et al. of ϕF = 0.66.11 The
Q66E mutation did not affect the quantum yield of either
TGP-E or YTP-E compared to TGP or YTP, respectively.

The pH stability of each of these proteins was compared by
observing changes in fluorescence with pH. Most of the
mutants had similar pH sensitivities to TGP, with pKa values of
6.7 for TGP (95% confidence interval, 6.5−6.9), 6.7 for YTP
(95% confidence interval, 6.5−7.0), and 6.6 for TGP-E (95%
confidence interval, 6.4−6.9) (Figure 3A). YTP-E appears to
lack sensitivity to pH and as such, its plot appears invariant
with pH (Figure 3B). TGP appears to be sensitive to greater
pH values as at pH 10, it only had 49 ± 5% of fluorescence, so
these pH values were not included in Figure 3A for TGP.

The unfolding kinetics and thermostability at high temper-
atures of TGP, TGP-E, YTP, and YTP-E were investigated
using a RT-PCR instrument with an FAM filter set at 470 ± 15
nm excitation and 520 ± 15 nm emission. For all RT-PCR-
based experiments, 3.75 pmol of the respective protein was
used and diluted into the assay buffer, and fluorescence was
monitored in real time. For the unfolding experiment, the
temperature was ramped from 25 to 99 °C slowly and then
rapidly cooled back to 25 °C and held there for an hour to
monitor refolding and repeated three times for a total of four
cycles (Figure 4). For clarity, each cycle is plotted on the same
plot for each protein to demonstrate the protein’s ability to

recover with each progressive cycle of heating. An elongated
plot with each cycle shown linearly is available in the
Supporting Information (Figure S3). The stability of both
YTP and YTP-E is evident in their return to pre-heat
fluorescence levels with each cycle (Figure 4B,D). Neither
YTP nor YTP-E completely lost their fluorescence at 99 °C.
YTP maintains 33% of its fluorescence in the first cycle at 99
°C and 45% of fluorescence in cycles two, three, and four
(Figure 4B). YTP also has levels of fluorescence that are higher
than initially recorded after the first and second cycle of
heating. YTP-E maintains 40% of fluorescence at 99 °C and
recovers close to 100% of fluorescence after each heating step
(Figure 4D). Both TGP and TGP-E have diminishing levels of
fluorescence with progressive cycles and only have 1−5% of
fluorescence remaining at 99 °C (Figure 4A,C). Thirty percent
of initial fluorescence is recovered for TGP at return to 25 °C
in the first cycle, 18% after the second heating cycle, 12% after
the third cycle, and only 9% after four cycles of heating (Figure
4A). TGP-E follows this same trend but has better recovery
levels (Figure 4C). After the first cycle of heating, when
returned to 25 °C, TGP-E recovers 48% of fluorescence, 34%
after the second heating cycle, 28% after the third heating
cycle, and 24% after the fourth cycle. We cannot report Tm
values as this phenomenon is likely due to a combination of
protein unfolding (likely for TGP and TGP-E) and loss of
fluorescence due to vibrational disruptions in the local
chromophore environment as the proteins are heated.10 This
theory is supported by the very fast recovery in fluorescence
when the temperature is cooled to 25 from 99 °C.

The thermostability of TGP, TGP-E, YTP, and YTP-E was
also measured with temperatures held at 60 and 90 °C for an
hour (Figure 5). Data is normalized to fluorescence at 25 °C
before samples were heated. Once again, a drop in fluorescence

Figure 2. Absorbance and emission spectra overlay for TGP, TGP-E,
YTP, and YTP-E; the intensity is normalized to maximal
chromophore absorption or emission.

Table 2. Spectroscopic Properties of TGP, TGP-E, YTP,
and YTP-Ea

protein
excitation λmax

(nm)
emission λmax

(nm)
ε

(M−1 cm−1) ϕF

TGP 493b 507b 64,000b 0.83 ± 0.04a

TGP-E 493 509 48,000 0.84 ± 0.04a

YTP 395, 513 522 3400 0.02 ± 0.0007a

YTP-E 513 526 3400 0.03 ± 0.001a

aA one-way ANOVA was performed to compare the quantum yield of
TGP, TGP-E, YTP, and YTP-E. There was a statistically significant
difference between TGP and YTP or YTP-E (p < 0.0001) and
between TGP-E and YTP or YTP-E (p < 0.0001). There is no
statistical difference between the ϕF of TGP and TGP-E (p = 0.9516)
and YTP and YTP-E (p = 0.9236). bAs reported in Close et al.11

Figure 3. (A) pH titration of TGP (R2 = 0.95), TGP-E (R2 = 0.96),
and YTP (R2 = 0.92). Fluorescent intensities were measured after 1 h
of incubation at buffers at 3−10 pH. The excitation and emission
wavelengths were set to 485 nm excitation and 508 nm emission for
TGP and TGP-E and 510 nm excitation and 525 nm emission for
YTP. (B) pH titration of YTP-E. A 510 nm excitation and 525 nm
emission wavelength were used. For all proteins, experiments were
performed with five trials and data is normalized to the highest
fluorescence in each trial regardless of pH. Error bars represent the
standard error of the mean.
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occurs quickly upon heating, but then equilibrium is reached.
Both YTP and YTP-E are remarkably stable with only a 60%
loss in initial fluorescence upon heating and a small increase in
fluorescence occurring though the 1 h duration of the
experiment at 60 °C. TGP and TGP-E are similar at 60 °C,
but at 90 °C, TGP-E is less stable with only 10% of its
fluorescence remaining after 1 h versus the 30% remaining for
TGP. It is notable that TGP-E displays a loss in fluorescence
during the first 20 min of the 90 °C incubation; this does not
occur for any of the other proteins.

Protein stability was further characterized by equilibrium
unfolding with increasing concentrations of Gdn HCl (Figure
6A). The Cm was 6.0 M Gdn HCl for TGP (95% CI of 5.6−
6.2), 5.0 M Gdn HCl for TGP-E (95% CI of 4.7−5.4), and 4.2
M Gdn HCl for YTP (95% CI of 4.0−4.3). Complete loss in
fluorescence was not observed for TGP-E at 8 M Gdn HCl.
YTP-E showed no specific trend in unfolding with increasing
Gdn HCl with about 20% loss in fluorescence overall
regardless of concentration (Figure 6B).

■ DISCUSSION
A yellow version of TGP was made using site-directed
mutagenesis to incorporate H193Y, a single essential mutation
below the chromophore; this resulted in a shift of the
excitation wavelength to 513 nm and emission wavelengths to
525 nm. Tyrosine was previously shown to shift GFP toward
yellow at the corresponding location.17,24 For both TGP and
YTP, the chromophore glutamine 66 was mutated to a
glutamate in order to alter the hydrogen bonding network near
the chromophore. Based on the known crystal structure of

TGP (PDB 4TZA), there is no basic amino acid located near
the mutated glutamate, so a salt bridge cannot explain this
effect. In the crystal structure of TGP, the glutamine located at
position 66 in TGP hydrogen bonds to glutamine 42 and the
main chain of leucine 211. Glutamine 42 could still maintain a
hydrogen bond with the mutated glutamate 66. All mutations
were sequence verified, expressed inE. coli BL21(DE3) cells,
purified by affinity and ion exchange chromatography, and
then characterized. Notably, the glutamate does not substan-
tially alter chemical equilibrium or pH stability for TGP-E.
There are some differences between the thermostability of
TGP-E and TGP. TGP-E has better recovery after multiple
heat cycles (Figure 4C) but loses some fluorescence when
heated at 90 °C (Figure 5B). These experiments are looking at
thermostability in two different ways: TGP-E has better
recovery after exposure to high temperatures, while TGP
maintains its fluorescence for longer durations when heated.

TGP was originally designed to be extremely stable and
aggregation resistant; similarly, these derivative proteins
maintain these same properties.11 Superfolder green fluores-
cent protein, which was specifically engineering to fold at an
enhanced rate, was also further engineered to withstand
thermophilic conditions and has been successfully used in
thermophilic bacteria as a location tag.6,25,26 A similar real-time
PCR-based thermal stability assay was completed with sfGFP
and sfGFP(N39D/A179A), and total loss of fluorescence was
observed for both proteins by 95 °C.26 The same research
group also developed an sfYFP(N39D/A179A) protein that
had significantly higher thermal stability than the green
proteins; however, it also rapidly lost all fluorescence above

Figure 4. (A) TGP, (B) YTP, (C) TGP-E, and (D) YTP-E were assayed for thermostability using a real-time PCR machine. Four consecutive
cycles of heating from 25 to 99 °C followed by a rapid cooling to 25 °C for an hour were obtained. For clarity, each cycle is shown as a separate
color on the same plot. The x axis of all plots represents the time each cycle was carried out. The gray line on each graph represents the temperature
at each time with the right y axis. Fluorescence is normalized to the % fluorescence at 25 °C before heating began in cycle 1. Error bars represent
standard error of the mean and are shown as dashed lines of the same color above and below each cycle’s mean plot.
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95 °C.26 Fast-folder thermostable yellow fluorescent protein
(FFTS-YFP) was developed specifically for thermostability.

Although the researchers did not perform an equivalent
thermal melting experiment with FFTS-YFP, an experiment
with a steady temperature of 90 °C with a real-time PCR
instrument was reported with a 50% loss in fluorescence at
10.6 min.5 YTP and YTP-E are both about 10% above this
level in fluorescence at the same time point. Both YTP and
YTP-E had significantly lower losses in fluorescence with
heating and increased stability over time compared to TGP
and TGP-E. They both recover fluorescence at or above
baseline levels with four rounds of heating (Figure 4B,D). YTP
has an increase in fluorescence after heating to 99 °C. We
hypothesize that this may be due to a gain in correctly folded
YTP molecules after heating. In addition, a notable increase in
both chemical equilibrium and pH stability occurs with the
Q66E single mutation of YTP-E compared to YTP.

A shortcoming of both YTP and YTP-E is the low quantum
yield. The low quantum yields are likely due to disruption of a
prominent hydrogen bond network located beneath the
chromophore.14,27 In TGP, the histidine at 193 participates
in a π-stack with the tyrosine of the chromophore. It was noted
that mutation of residue 193 from histidine to glutamine
substantially decreased the quantum yield to 0.003 in photo-
switchable chromoprotein Phanta, which was derived from
eCGP123.27,28 TGP is also derived from eCGP123 but lacks
the photo-switchable ability yet maintains high quantum yield
fluorescence. Additional mutations at the same site in Phanta
were tried, and similar drops in quantum yields were observed
for those mutants as well, ascribed to disruption of both the
hydrogen bond network and the π-stacking interaction with
the chromophore histidine.27 With YTP and YTP-E, the loss in
quantum yield is more likely due to hydrogen bond disruption
alone as the π-stacking interaction should be conserved
between the tyrosine and chromophore. Much like TGP, but
unlike Phanta, the yellow variants reported in this paper are
not able to photo-switch (data not shown).11 Further
mutations will be required to restore this hydrogen bond
network and increase the quantum yield in YTP-E. A
combination of rational and directed evolution may be used
to further improve the YTP-E protein in the future.

In conclusion, we have introduced one additional mutation,
Q66E, into TGP to produce TGP-E, a green thermal protein
with increased chemical stability and improved cycling
thermostability. We also developed a yellow thermal protein
based on TGP both with and without the Q66E mutation.
Both yellow thermal proteins are remarkably thermally stable.
The YTP-E construct also has good pH and chemical stability.
YTP-E would make an excellent choice for experiments
requiring lower pH, for example, experiments in acidic
organelles such as the lysosomes or increased temperature
found in thermophilic organisms.
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(Figure S1) SDS-page of TGP, TGP-E, YTP, and YTP-E
after two column purification; (Figure S2) SDS-page of
YTP and YTP-E with and without protease inhibitor
included during purification; (Figure S3) progressive
four cycles of heating and recovery for TGP, TGP-E,
YTP, and YTP-E (this is the same data as shown in
Figure 4, only plotted as continuous cycles) (PDF)

Figure 5. (A) Thermostability of TGP, TGP-E, YTP, and YTP-E at
60 °C. (B) Thermostability of TGP, TGP-E, YTP, and YTP-E at 90
°C. Error bars represent the standard error of the mean.

Figure 6. (A) Equilibrium unfolding plots for TGP (R2 = 0.92), TGP-
E (R2 = 0.74), and YTP (R2 = 0.98) with increasing concentrations of
guanidine hydrochloride after 10 days. (B) Equilibrium unfolding plot
of YTP-E with increasing concentrations of guanidine hydrochloride
after 10 days. Percent fluorescence was normalized based on the
fluorescence of samples with no guanidine hydrochloride added. Error
bars represent the standard error of the mean.
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