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Abstract: Thermal green protein Q66E (TGP-E) has previously shown increased thermal stability
compared to thermal green protein (TGP), a thermal stable fluorescent protein produced through
consensus and surface protein engineering. In this paper, we describe the protein crystal structure of
TGP-E to 2.0 A. This structure reveals alterations in the hydrogen bond network near the chromophore
that may result in the observed increase in thermal stability. We compare the very stable TGP-E
protein to the structure of a yellow mutant version of this protein YTP-E E148D. The structure of this
mutant protein reveals the rationale for the observed low quantum yield and directions for future
protein engineering efforts.

Keywords: fluorescent protein; thermal green protein; structural biology

1. Introduction

check for

updates Fluorescent proteins are standard imaging tools utilized in cell biology. A fluorescent

protein’s ability to self-assemble with molecular oxygen as its only requirement has enabled
their use in labelling specific proteins within organelles, investigating protein interactions,
and unique sensors of intracellular conditions [1-4]. Despite their widespread use, there
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shortcomings of proteins obtained directly from GFP [6-9]. Thermal green protein (TGP)
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residues, GIn66, Gly67, and Tyr68. Similar to the GFP proteins, the chromophore of TGP
forms during protein folding through an intermolecular cyclization reaction followed by

dehydration and oxidation by molecular oxygen [4]. TGP has been used to tag antibodies
allowing for a one-step detection of antigen binding and also as an affinity tag for membrane
proteins for assay by fluorescence-detection size exclusion chromatography (FSEC)-based
thermostability assays [14,15]. Both applications utilized TGP’s superior thermal and
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at this site in the chromophore was based on the significance of the equivalent S65T
residue mutation in GFP, which was one of the earliest mutations found to improve the
excitation characteristics of GFP [4,17]. Additionally, mutation of the equivalent site in the
monomeric red fluorescent protein (mRFP1) led to significant spectral property changes [18].
However, the rationale for a single mutation within the chromophore of glutamine to
glutamate in improving thermal stability was not immediately obvious. To understand the
rationale for thermal and chemical improvement, a crystal structure of TGP-E was solved to
2.0 A resolution.

The yellow version of TGP-E, YTP-E, has remarkable thermal, pH, and chemical
stability but a low quantum yield [16]. This reduction in quantum yield was also observed
in the related protein Phanta. Phanta shares a mutation (in this case to glutamine) in the
original His 197 located below the chromophore of TGP-E and all of its predecessors [19,20].
The YTP-E protein also contained a lower molecular weight non-fluorescent contaminant
that was not possible to remove through purification [16]. We hypothesized that this
contaminant may in part be due to the size difference between the histidine at residue 197
and the larger tyrosine contained at the same position in YTP-E, resulting in a portion of the
protein that did not fold correctly and was prone to proteolysis. Glutamate 148 was in close
proximity to histidine 193 based on the TGP and TGP-E crystal structures. We mutated this
residue to a slightly shorter aspartate, preserving its acidic character. This single mutation
improved the purity of YTP-E E148D, significantly reducing the lower molecular weight
contaminant, but also further reduced the quantum yield. We were able to crystallize this
protein, whereas previous attempts yielded poor-quality crystals. A protein structure at
3.0 A resolution was obtained for YTP-E E148D.

2. Results and Discussion

Site-directed mutagenesis was used to incorporate the E148D mutation into a pETCK3
YTP-E-containing plasmid. YTP-E E148D and TGP-E were expressed in BL21(DE3)
E. coli cells and purified using nickel affinity chromatography followed by ion exchange
chromatography. The spectral features of YTP-E E148D were very similar to YITP-E with
an excitation maximum of 513 nm and an emission maximum of 528 nm; a notable peak
at 385 nm is also present, but excitation at this wavelength does not result in fluorescence
(Figure 1). In contrast, TGP-E has an excitation maximum of 494 nm and an emission
maximum of 509 nm (Figure 1) [16].
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Figure 1. Absorbance of TGP-E (green dashed) and YTP-E E148D (yellow dashed) normalized to
the highest absorbance after 280 nm. The emission spectra of TGP-E (green solid) and YTP-E E148D
(yellow solid) with excitation normalized to the highest fluorescent value.

The impetus for the incorporation of YIP-E E148D was to increase the quantum
yield of the YTP-E protein, which was very low at 0.03 &+ 0.001 [16], but this was not
the case because the YTP-E E148D mutation further decreased the quantum yield to 0.01.
The YTP-E E148D mutant protein was also characterized for pH, chemical (Guanidine
hydrochloride), and temperature stability (Figure 2). YTP-E E148D has a pKa value of
8.5 (R squared value 0.95), a Cp, for guanidine hydrochloride of 1.18 (R squared value of
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0.98), and also had a notable drop in temperature stability compared to YIP-E, with a
return to 50% fluorescence with three repetitions of unfolding instead of 90% [16]. YTP-E
E148D also contains a lower molecular weight contaminant evident in the YTP-E sample
on an SDS-Page gel, but also has evidence for dimerization on a reducing SDS-page gel
(Supplemental Figure S1). Crystallography was pursued as attempts at crystalizing YTP
or YTP-E yielded crystals that diffracted poorly. A significant increase in crystal quality
was observed with the E148D mutation, which led to the 3.0 A crystal structure of YTP-E
E148D (Supplemental Figure S2). Additionally, we were able to obtain protein crystals that
diffracted well from TGP-E (Supplemental Figure S2).
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Figure 2. (A) pH stability of YTP-E E148D plotted as percent fluorescence. The sample with the
highest fluorescence (pH 10) was set to 100% fluorescence. This data was performed as duplicate
trials in triplicate. (B) The chemical stability of YTP-E E148D was assayed as % fluorescence in
increasing concentrations of guanidine hydrochloride. One-hundred percent fluorescence was set to
the fluorescence with 0 M guanidine hydrochloride present. (C) The thermostability was measured
using a real-time PCR instrument. Three rounds of temperature increase to 100 °C followed by rapid
temperature return to 25 °C were repeated. Temperature is plotted on the right axis with a grey
line. Each cycle of temperature increases to 100 °C followed by a decrease to 25 °C is plotted in a
different colour (cycle 1 is red, cycle 2 is orange, and cycle 3 is green). The left axis measures the
percent fluorescence with the first cycle percent fluorescence at 25 °C prior to heating set to 100%.
This assay was performed in quadruplicate.

Crystals of TGP-E and YTP-E E148D proteins were grown as described in the
Section 3. Crystal diffraction data was collected on a Rigaku XtaLab Synergy-S system using
CrysAlisP™ software version 42.95a. Data collection and processing details are presented in
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Table 1. We determined the crystal structure of TGP-E to 2.0 A using molecular replacement
and YTP-E E148D to 3.0 A (Table 2 contains refinement statistics). The TGP-E protein was
in space group P1 with two molecules in the asymmetric unit. The YTP-E E148D structure
was in space group P 1 21 1 with four molecules in the asymmetric unit. The two molecules
of TGP-E are very similar with a root mean square deviation (RMSD) C carbons of
0.167 (Pymol) (Figure 3A). The density of the chromophore within TGP-E is clearly defined
(Figure 3B).

Table 1. Data collection and processing. Values given in parenthesis are for the highest resolution shell.

Diffraction source
Wavelength (A)
Temperature (K)
Detector

Crystal-to-detector distance (mm)

Rotation range per image (°)
Exposure time per image (s)
Space group

a,b,c (A)

% B,y (°)

Mosaicity (°)

Resolution range (A)

Total no. of reflections

No. of unique reflections
Completeness (%)
Redundancy

<I/o(I)> from merged data
CCy/2

Rtim. OF Rmeas

Overall B factor from Wilson plot (A%)

TGP-E YTP-E E148D
Rigaku XtaLab Synergy-S Rigaku XtaLab Synergy-S
1.54 1.54

100 100
HyPix-6000HE HyPix-6000HE
36.34 36.34

0.5 0.15

45 21.29

P1 P1211
38.74,49.06, 59.11 42.78,137.78, 74.56
78.55,72.08,71.41 90.00, 97.71, 90.00
1.37 1.23

20.42-2.00 20.32-3.00
149,158 (10,544) 79,636 (15,409)
26,322 (1957) 16,717 (2738)

99.9 (100.0) 98.6 (97.0)

5.7 (5.4) 48 (5.6)

7.6 (2.1) 115 (5.7)

0.990 (0.776) 0.986 (0.970)
0.125 (0.552) 0.051 (0.099)
12.68 30.84

Table 2. Structure Refinement. Values given in parenthesis are for the highest resolution shell.

TGP-E YTP-E E148D
Resolution range (A) 20.42-2.00 20.32-3.00
Completeness (%) 99.75 (100.0) 97.37 (99.71)
No. of reflections, working set 26,282 (2606) 16,706 (1702)
No. of reflections, test set 1248 (124) 1671 (170)
Final Reryst 0.1692 (0.2078) 0.2207 (0.3394)
Final R¢yee 0.2291 (0.2821) 0.2807 (0.4392)
No. of non-H atoms 3706 126
Protein/nucleic acid 3429 6787
Ions 0 0
Ligands 48 96
Waters 422 30
Total 3706 6913
R.m.s. deviations from ideality Molprobity validation Molprobity validation
Bonds (A) 0.036 0.003
Angles (°) 2.1 0.67
Average B factors (A2) 16.36 31.08
Protein/nucleic acid 16.05 31.04
Ions N/A N/A
Ligands 9.03 37.65
Waters 22.56 19.74
Ramachandran plot Molprobity validation Molprobity validation
Favoured regions (%) 99.52 96.26
Outliers (%) 0 0.00
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Figure 3. (A) TGP-E global structure alignment of molecule A (pink) and molecule B (green).
(B) Chromophore and S146 and L213 electron density shown as blue netting (2mFo-DFc contoured at
10) of TGP-E molecule B.

Both TGP-E and YTP-E E148D have an 11-strand beta barrel structure similar to that
found in GFP. The chromophore found in the centre of the beta barrel is composed of
residues Glu66, Tyr67, and Gly68. The density for chromophore placement was very clear
within the TGP-E structure and can be observed in Figure 3B. The chromophore hydrogen
bonds to several residues within the core of TGP-E. The carboxylic acid functional group
within TGP-E is likely protonated; this assumption is based on the hydrogen bonding
distance of only 2.7 A to the carbonyl backbone of Leu213, the lack of nearby water
molecules, and the (further) distance of other charged amino acids to the chromophore
from the carboxylic acid functional group derived from Glu66 (Figure 4B) [21]. The carboxyl
oxygen of the chromophore is also within hydrogen bonding distance (3.3 A) to the nitrogen
backbone of Glu215. The opposite end of the chromophore contains the phenol functional
group from Tyr67 hydrogen bonds to both Ser146 (2.6 A) and a conserved water molecule
(W421) (2.6 A) (Figure 4B). There is also a distinctive pi-stack with the phenol moiety
of the chromophore with His197 (Figure 4A). The chromophore imidazolidinone ring
oxygenhydrogen bonds to both Arg70 and conserved water (W431).
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Figure 4. (A) Overlay of TGP-E molecule A (pink), molecule B (green), and TGP molecule A (purple:
PDB: 4TZA) with the chromophore hydrogen bond network shown near the chromophore phenol.
(B) Overlay of TGP-E molecule A (pink), molecule B (green), and TGP molecule A (purple: PDB:
4TZA) with the chromophore hydrogen bond network shown near the altered portion of the chro-
mophore. For both A and B, hydrogen bonds with differing lengths are coloured orange (TGP-E) and
yellow (TGP), respectively. Hydrogen bonds with the same length in all molecules are coloured black.
Key residues interacting with the chromophore are shown as sticks and labelled.

TGP-E is similar to TGP (RCSB PDB 4TZA) with root mean square deviation (RMSD)
C carbons of 0.225 with only a single difference in amino acid sequence. As expected, there
is no noticeable difference in the global structure. However, there are some alterations to the
hydrogen bonding network involving the chromophore (Figure 4), most notably the change
in the side chain conformations observed in GIn42 (Figure 4). Molecule B of TGP-E was
modelled with two alternate conformations for this residue, while only one conformation
is observed in molecule A. The carbonyl of GIn42 is much closer to the chromophore in
TGP, forming a hydrogen bond with a 3.4 A distance (Figure 4B). This hydrogen bond does
not exist in TGP-E. Many of the other hydrogen bond interactions are conserved, but the
bond lengths differ (Figure 4A). The hydrogen bonds near the altered chromophore are
most affected. In TGP-E, the hydrogen bond to the backbone carbonyl of Leu213 has a
2.7 A distance vs. the 3.0 A distance in TGP. This stronger hydrogen bond could only exist
if the carboxyl functional group is protonated. The nature of the hydrogen bond also differs
between TGP-E and TGP with the hydroxyl-to-carbonyl hydrogen bond having a greater
strength than the corresponding amide-to-carbonyl hydrogen bond in TGP [22]. A weaker
bond to the nitrogen backbone of Glu215 is observed in both TGP-E and TGP (Figure 4B).
On the opposite end of the chromophore, the TGP-E phenol hydrogen to Ser146 hydrogen
bond is stronger, with a length of 2.6 A versus the 2.8 A in TGP (Figure 4A).

In contrast to TGP-E, YTP-E E148D had four molecules in the asymmetric unit. These
four molecules had similar tertiary structures with an RMSD of C, carbons ranging from
0.176 to 0.221. Several notable differences are observed within the core of the protein,
explaining the extreme drop in quantum yield for this protein as compared to TGP-E. Most
notable is the chromophore non-planarity. Unlike the chromophore observed in TGP-E, the
chromophore within YTP-E E148D is twisted. In addition, an unusually high degree of dis-
order is present at or near the chromophore, suggesting some mobility. The chromophore
within molecules A and D are well defined (Figure 5A,D), but the position of the chro-
mophore in molecules B and C are less definitive (Figure 5B,C). The first residue after the
chromophore, residue 69, and the residues that follow to 86 have B-factors approximately
two times greater than surrounding residues.

In yellow fluorescent proteins derived from GFDP, the yellow fluorescence is due to a
pi-stacking interaction between the chromophore hydroxyphenol functional group and
a tyrosine residue located directly below [23]. In YTP-E E148D, this fluorescent shift to
yellow was the result of mutating H197 to a tyrosine [16]. Although the Y197 in the
active site does pi-stack, the pi-stack is perpendicular and not parallel displaced (Figure 6).
The chromophore is a trans-chromophore position relative to the central bond instead of
the cis-isomer observed in TGP-E (Figure 6). Several GFP-based proteins that are weakly
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fluorescent also contain a trans-chromophore, including the photoswitching protein Dronpa
in its off state [19,24,25]. In the cyan fluorescent proteins, the trans-isomer is observed
in low pH and also corresponds to a reduction in fluorescence [26]. However, a related
photoswitching low fluorescent protein, Phanta, does not have a trans-chromophore [19,20].

Figure 5. (A) Chromophore of molecule A YTPE E148D with electron density (2mFo-DFc contoured
at 10) (B) Chromophore of molecule B YTPE E148D with electron density (2mFo-DFc contoured at
10) (C) Chromophore of molecule C YTPE E148D with electron density (2mFo-DFc contoured at 10)
(D) Chromophore of molecule D YTPE E148D with electron density (2mFo-DFc contoured at 10).

The mutation of E148D, which was required to obtain quality protein crystals, resulted
in a decrease in the quantum yield compared to YTP-E. In molecules A, B, and D, the
chromophore hydroxyphenol forms a hydrogen bond to E148D, facilitating the distortion
of the chromophore and the trans-chromophore form (Figure 6). In addition, slight dif-
ferences are observed between the four molecules in the local hydrogen bond network
near the chromophore (Figure 6). This gives further evidence for local flexibility within the
chromophore region. Both molecule A and molecule D have the most optimal hydrogen
bonding, which may explain the better electron density present in the chromophore of
those molecules.

It is well established that a ridged chromophore is required for efficient fluorescent
emission [4], and the lack of the ridged chromophore combined with the distortion of the
hydroxyphenol of the YTPED chromophore likely explains the drop in quantum yield
compared to the ridged, planar TGP-E chromophore (Figure 7A). A sharp contrast is
observed in the chromophore region when compared to YFP (RCSB PDB 1YFP) (Figure 7B).
In YFDP, the residue corresponding to D148 is a valine; consequently, the hydrogen bond
observed in YTP-E E148D is not possible. Instead, a hydrogen bond occurs between the
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chromophore hydroxyphenol and histidine 148, which corresponds to S146 in YTP-E E148D.
Tyrosine 197 in YTP-E E148D is problematic as it extends toward the chromophore, whereas
in YFP, tyrosine 203 lies planar (Figure 7B). The longer Arg70 residue found in YTP-E
E148D is likely partially responsible for the displacement of Tyr197 because it is longer
than the asparagine 69 at the equivalent position in YFP (Figure 7B). Arg70 in YTP-E
E148D molecule A has a hydrogen bond directly to the chromophore imidazolidinone ring
oxygen (Figure 7A). Arg70 in TGP-E is too far from the imidazolidinone ring to hydrogen
bond directly; however, in the higher resolution TGP-E structure, several additional water
molecules (W431, W428, W411, and W421) form an elaborate network of hydrogen bonding
near the chromophore (Figure 7A). The alternative configuration of Arg70 in molecule B is
at the same location as W428 in the TGP-E structure, allowing it to hydrogen bond directly
to Asp148 (Figure 6). We could not model many waters in YTP-E E148D due to the lower
resolution, but with the conformation changes in Arg70, chromophore rearrangement, and
mutation of both E148D and H197Y, it is evident that the hydrogen bonding network has
likely been altered. Future experiments will focus on investigating alternative residues at
these positions within YTP-E E148D.

Figure 6. An overlay of YITP-E E148D molecules A (cyan), B (salmon), C (yellow), and D (pink).
Hydrogen bond interactions and distances to nearby residues are labelled with the same colour as
the corresponding molecule.

 J
V150/
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4/ Q69/R70

Figure 7. (A) An overlay of YTP-E E148D molecule A (cyan) with TGP-E (green). Hydrogen bond
distances are coloured to match the molecule colour. The water molecules shown are from TGP-E.
(B) An overlay of YTP-E E148D molecule A (cyan) with YTP (RCSB PDB 1YFP) (orange). Hydrogen
bond distances and residue names are coloured to match the molecule colour.
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3. Materials and Methods
3.1. Site-Directed Mutagenesis

Site-directed mutagenesis was used to mutate YTP-E E148 to D. The QuickChange
Lightning kit from Agilent was used with the forward primer CCTAGCACCGATAAAAT-
GTAT and reverse primer ATACATTTTATCGGTGCTAGG. Incorporation of the mutation
was verified by DNA sequencing at ACGT DNA Sequencing Services.

3.2. Protein Expression and Purification

The same procedure was used to purify TGP-E and YTP-E E148D. Both proteins were
expressed in E. coli BL21(DE3) cells. A single cell was selected and scaled up into a 200 mL
culture with overnight growth. The next day, 50 mL of overnight culture was used to scale
up 2 L of LB media. Cells were induced with 1 mM IPTG once ODgy was greater than 0.4.
Temperature was decreased to 28 °C and cells were grown for 3 days. After growth, cells
were harvested by centrifugation at 5000 rpm. The cell pellets were resuspended in 50 mL
of a lysis buffer containing 0.1 M Tris, 0.3 M NaCl, and 10% glycerol. The resuspended
pellet was sonicated for 30 s three times with 30 s rests. This was followed by centrifugation
for 20 min at 20,000 rpm. The supernatant-containing proteins were run on a nickel column
(Gold Biotechnology). The column was rinsed with 10 column volumes of lysis buffer,
washed with 10 column volumes of wash buffer (0.1 M Tris, 50 mM NaCl, 10 mM imidazole,
and 10% glycerol), and finally eluted with 10 column volumes of an elution buffer (0.1 M
Tris, pH 7.4, 200 mM imidazole, and 10% glycerol). The elution was run on a DEAE column
to further purify. Protein on the DEAE column was rinsed with 10 column volumes of
0.1 M Tris, 10% glycerol and eluted from the column with 10 column volumes of a final
buffer (0.1 M Tris, 0.5 M NaCl, and 10% glycerol). SDS PAGE gel electrophoresis was
performed to verify purification. The protein was concentrated to perform quantum yield
experiments and for crystallography.

3.3. Quantum Yield, pH Stability, Guanidine Hydrochloride Stability, and Thermostability

Quantum Yield: The quantum yield was determined using the relative method as
described in Anderson et al.

Thermostability: Thermostability for YITP-E E148D was obtained on an RT-PCR
(QuantStudio 6 Applied Biosystems). An amount of 3.75 pmol of the protein was added
to the assay buffer (0.1 M Tris, pH 7.4, 20 mM MgCl,) on a 96-well plate. The assay was
performed as described in Anderson et al. Five replicates of samples and buffer blanks
were assayed.

Guanidinium: The chemical denaturation of YITP-E E148D was also tested with a
guanidinium HCL assay. Several buffers (all containing 0.1 M Tris, pH 7.4, 20 mM MgCl,)
were created that contained different concentrations of guanidinium HCI. The buffers
ranged from 0-8 M. Forty-eight wells were prepared in a 96-well plate, which accounts for
4 trials. Four wells only consisted of the assay buffer and protein as a control. The other
wells contained 1.4 pL of the YTP-E E148D protein (3.75 pmol) and 248.6 puL of the assay
buffer with the respective guanidine concentrations. The plate was then incubated for
10 days at room temperature and then placed into the Spectramax M5 plate reader to
measure the fluorescence in each well. The raw data were transformed for the highest
fluorescence value in each trial to represent 100% fluorescence. Graphs were generated to
display any type of association between guanidinium and fluorescence.

pH: The pH sensitivity of YTP-E E148D was also measured. The pH buffers were
made from a range of pH 3-10 with 0.1 M of glycine, citrate, or phosphate buffers with
0.1 M NaCl depending on the target pH. Forty wells were prepared in a 96-well plate,
which accounts for 4 trials. Eleven wells only consisted of pH buffers to act as controls. The
other wells contained 1.4 uL of the YTP-E E148D protein (3.75 pmol) and 248.6 uL of the
respective buffers for a total volume of 250 uL in each well. The plate was then incubated
for 1 h and then placed into the Spectramax M5 plate reader to measure the fluorescence
in each well. The raw data were transformed for the highest fluorescence value to repre-
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sent 100% fluorescence. Graphs were generated to display the association between pH
and fluorescence.

3.4. Crystallization

Once purified, TGP-E protein was concentrated to 20 mg mL~! in the final buffer
(0.1 M Tris, pH 7.4, 0.5 M NaCl, 10% glycerol). TGP-E protein crystals were identified from a
screen of Crystal I (Hampton Research, Aliso Viejo, CA, USA). Next, the initial hit condition
was optimized, and the best crystals were grown by vapour diffusion with a mother liquor
consisting of 0.35 M magnesium chloride hexahydrate, 0.1 M Tris hydrochloride pH 8.5,
and 37.5% PEG 4000 at a 1:1 ratio with the concentrated protein in a 2 pL drop. Finally,
the 24-well VDX plates were sealed with immersion oil and incubated at 22 °C. Crystals
appeared approximately two weeks after set-up.

YTP-E E148D protein was concentrated to 20 mg mL~! in the final buffer. For this
protein, a screen was made based on the conditions that crystalized TGP-E above. All
the crystals were grown by vapour diffusion in 0.2 M magnesium chloride hexahydrate,
0.1 M Tris hydrochloride pH 8.5, and 35% PEG 4000 with a 1:1 ratio of concentrated
protein to good solution in a 2 puL drop. Crystals were incubated at 22 °C and appeared at
10 days.

Before data collection, crystals were cryo-preserved with a 2:1 mother solution
to glycerol. Finally, the crystals were transferred to 0.2 mm-mounted CryoLoops
(Hampton Research, Aliso Viejo, CA, USA) and flash-frozen directly in the cryo stream
at 100 K.

3.5. Data Collection and Processing

Pro

Diffraction data was collected on a Rigaku XtaLab Synergy-S system using CrysAlis
software. The TGP-E crystal diffracted to a resolution of 2.00 A. The TGP-E diffraction data
was indexed in space group P1 with unit cell parameters of a = 38.74 A, b = 49.06 A, and
¢=59.11 A. The YTP-E E148D crystal diffracted to a resolution of 3.0 A and indexed in space
group P1 21 1 with unit cell parameters of a = 42.78 A, b = 137.78 A, and ¢ = 74.56 A. Both
structures were integrated with CrysAlis'™ and scaled with CCP4i Scala [27]. Statistics
from data collection and processing are shown in Table 1.

Originally, the YTP-E E148D crystal was processed with a higher resolution of 2.5 A.
The statistics for this resolution appeared valid; however, when checked, the scaled data in
Phenix Xtriage reported unusual intensity statistics, even though there was no evidence for
twinning. Likewise, the data is moderately anisotropic. We proceeded with several rounds
of refinement at the higher resolution, but it became apparent that there were issues with
the map quality and refinement. Close examination of the Wilson plot indicated that the
intensity at resolutions below 3.0 A did not follow the expected trend. The YTP-E E148D
data was reprocessed at 3.0 A. Phenix Xtriage noted only that the data was still moderately
anisotropic after reprocessing. The structure refined normally with a noticeable map quality
increase at this lower resolution.

3.6. Structure Solution and Refinement

The TGP-E structure was solved by molecular replacement with the coordinates
of Azami-Green (mAG) (PDB: 3ADF) as a search model, and the YTP-E E148D struc-
ture was solved by molecular replacement using TGP-E’s coordinates with Phaser in
CCP4i [28]. Refinement and model building were performed using CCP4i, Phenix Refine,
and Coot [29-31]. The structure of TGP-E and its diffraction data have been deposited in
the worldwide Protein Data Bank (wwPDB) as entry 8TJH. The structure of YTP-E E148D
and its diffraction data have been deposited in the worldwide Protein Data Bank (wwPDB)
as entry 9BQ4. The refinement statistics are summarized in Table 2. Figures were made
using Pymol (Version 2.5.4) and Gimp (Version 2.10).
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4. Conclusions

The crystal structure of TGP-E illustrates the role hydrogen bond interactions have
in improving fluorescent protein properties. A single mutation within the chromophore
from glutamine to glutamic acid in TGP-E led to an improvement in thermostability [16].
The crystal structure of TGP-E has stronger hydrogen bonding interactions on both ends
of the chromophore, likely resulting in the observed increase in thermostability. While
the structure of the related protein YIP-E E148D has a very low quantum yield and some
undesirable properties for a thermostable fluorescent protein, it fundamentally illustrates
the importance of the planer chromophore and local hydrogen bonding network. This
structure indicates that the reduction in quantum yield is due to disruption of the hydrogen
bond network present below the chromophore, distortion in the chromophore, and added
freedom of motion evident in high B-factors in the chromophore region of the protein
structure. Although in its current form, YTP-E E148D would not be a good substitute for
a GFP-based YFP protein, its structure suggests further mutations that may significantly
improve fluorescence.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/synbio2030018/s1, Supplemental Figure S1: Lane 1 are
Bio-Rad All Blue Standard molecular weight markers. Lane 2 is purified TGP-E protein. Lane 3 is
purified YTP-E. Lane 4 is purified YTP-E E148D, which shows evidence of dimerization with both a
monomeric band at 28 KDa and a dimer at 50 KDa; Supplemental Figure S2: (A) A crystal of TGP-E.
(B) The crystal of TGP-E during data collection. (C) Crystals of YTP-E E148D. (D) The crystal of YTP-E
E148D during data collection.
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