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Glycine insertion modulates the fluorescence properties
of Aequorea victoria green fluorescent protein
and its variants in their ambient environment
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The green fluorescent protein (GFP) derived from
Pacific Ocean jellyfish is an essential tool in biology.
GFP-solvent interactions can modulate the fluorescent
property of GFP. We previously reported that glycine
insertion is an effective mutation in the yellow variant of
GFP, yellow fluorescent protein (YFP). Glycine insertion
into one of the β-strands comprising the barrel structure
distorts its structure, allowing water molecules to invade
near the chromophore, enhancing hydrostatic pressure
or solution hydrophobicity sensitivity. However, the
underlying mechanism of how glycine insertion imparts
environmental sensitivity to YFP has not been elucidated
yet. To unveil the relationship between fluorescence
and β-strand distortion, we investigated the effects of
glycine insertion on the dependence of the optical
properties of GFP variants named enhanced-GFP (eGFP)
and its yellow (eYFP) and cyan (eCFP) variants with
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respect to pH, temperature, pressure, and hydrophobicity.
Our results showed that the quantum yield decreased
depending on the number of inserted glycines in all
variants, and the dependence on pH, temperature, pres‐
sure, and hydrophobicity was altered, indicating the
invasion of water molecules into the β-barrel. Peak shifts
in the emission spectrum were observed in glycine-
inserted eGFP, suggesting a change of the electric state in
the excited chromophore. A comparative investigation of
the spectral shift among variants under different condi‐
tions demonstrated that glycine insertion rearranged the
hydrogen bond network between His148 and the chro‐
mophore. The present results provide important insights
for further understanding the fluorescence mechanism in
GFPs and suggest that glycine insertion could be a potent
approach for investigating the relationship between
water molecules and the intra-protein chromophore.
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This study describes the effect of the environment surrounding the chromophore of GFP variants on their spectrum. A small structural distortion
by few glycine residue insertions brings water molecule cavities significantly closer to the chromophore, altering the fluorescence dependence
on pH, temperature, pressure, and solution hydrophobicity. We investigated these dependencies in various chromophores. While amino acid
substitution strongly alters fluorescence through the different amino acid characteristics, glycine insertion can slightly alter the arrangement of
amino acids in a β-strand. The present data provide important information regarding the protein structure and the formation of a hydrogen
bond network with the chromophore.
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Introduction
The fluorescence of the Aequorea victoria green

fluorescent protein (GFP), which is composed of 238 amino
acid residues, has been improved and stabilized through
protein engineering, and its color variants have been
engineered [1–5]. Owing to the property aiding in the
visualization and quantification of a variety of physio‐
logical events from single cells to whole tissues, GFP and
its variants have become popular and essential tools in
biological research as genetically encoded fluorescent
probes [5–7]. The double substitution of Leu64 to
phenylalanine (F64L) and Ser65 to threonine (S65T) was
the breakthrough for the use of GFP in life science [8]. The
original GFP exists in two alternative states with respect to
its chromophore conformation, corresponding to two
absorbance spectral peaks, exhibiting weak blue fluores‐
cence at 390–400 nm in a protonated state and strong green
fluorescence at 470–480 nm in a deprotonated state [9,10].
The S65T substitution rendered the deprotonated state
dominant, providing remarkably strong fluorescence, called
enhanced GFP (eGFP) [8]. While the fluorescence of GFP
is stable at pH 6–10 [9,11], this substitution has enhanced
not only the fluorescence but also the pH sensitivity [11–
13]. The relationship between chromophore formation and
pH sensitivity has been investigated to reveal the
mechanism of fluorescence in GFP and its variants for use
as an intracellular pH sensor [11,14–17]. Since then, in
parallel with their development as tools, GFP and its
variants have been widely used as experimental models to
study how proteins function, which is to emit fluorescence
in the case of GFP [18,19].

GFP and its variants commonly share a unique barrel-
like structure composed of 11 β-strands, called a β-barrel
structure [5,18,19]. In the center of the β-barrel, a
chromophore forms a π-conjugated system composed of a
phenolate ring and an imidazolinone ring, as a result of
cyclization of a tri-peptide sequence of residues 65, 66, and
67 [5,18–20]. The three consecutive β-strands 7, 10, and 11
prevent the chromophore from interacting with the solvent
[18–23]. However, water molecules in the solution can
reach the chromophore via a proton wire transferred from
glutamine at the 222nd position (Glu222) located near the
chromophore to glutamine at the 5th position (Glu5) that is
near the bottom of the β-barrel [24–26]. Therefore, the
fluorescence of GFP and its variants are sensitive to the
characteristics of water such as pH, temperature [26–28],
and pressure [28–32]. However, the relationship between
water molecules and the optical properties of GFPs remains
to be elucidated.
The invasion of water into the β-barrel structure by steric

disruption is expected to change the fluorescent
characteristics by promoting the interaction of water
molecules and the chromophore. We successfully placed a

few water molecules near the chromophore via distortion in
the β-barrel structure by inserting three glycine residues
between asparagine at the 144th (Asn144) position and
tyrosine at the 145th (Tyr145) position on β-strand 7 in
eYFP (Fig. 1A) [33]. The phenol group of Tyr145 filling a
cavity for water invasion was flipped toward the outer side
of the barrel, and the invasion of the water molecules was
confirmed using X-ray crystallography [33]. As a result,
the emission intensity of eYFP inserted with one glycine
residue was reduced by 25% and that inserted with three
glycine residues was reduced by 80%. Hence, the fluores‐
cence depended on the number of inserted glycine residues;
eYFP inserted with three glycine residues demonstrated
enhanced pressure dependence [33] and eYFP inserted
with one glycine residue could sense the hydrophobicity
in solution, providing a protein-crowding sensor, while
showing less pressure dependence than the former [34,35].
Thus, glycine insertion alters the relationship between water
molecules and the intra-protein chromophore by partially
distorting the β-barrel structure.
The mechanisms underlying the perturbation of solvent

interaction with the chromophore by glycine insertion have
never been easily elucidated. In eYFP, the substitution
of threonine at the 203rd position, located close to the
chromophore, with tyrosine (T203Y) results in the
formation of π-π stacking between the phenol ring of the
tyrosine and that of the chromophore, and the delocali‐
zation of π-electrons due to π-π stacking realizes the
red-shift of fluorescence from the GFP chromophore [20].
Therefore, the fluorescence characteristics of eYFP depend
on the distance between the chromophore and the phenol
group [32,36]. Glycine insertion caused a spectral blue-
shift in both absorbance and emission via separation of the
phenol ring of Thr203 and the chromophore [33]. In order
to reveal the effects of glycine insertion, spectroscopic
analysis of glycine-inserted variants must be performed
not only for eYFP but also for its parent protein, eGFP,
and cyan variant, eCFP. This is because eGFP has the
same tyrosine-based chromophore as eYFP but without the
π-π stacking system, and eCFP has a tryptophan-based
chromophore that is not protonated unlike eGFP or eYFP
developed by substituting tyrosine 65th to tryptophan [21].

In this study, we characterized the optical properties of
glycine-inserted fluorescent proteins (eGFP, eYFP, and
eCFP) under various experimental conditions such as pH,
temperature, pressure, and dehydration. According to the
present spectroscopic data and previous X-ray crystallo‐
graphy data [33], it is hypothesized that glycine insertion
perturbs the hydrogen bond (H-bond) environment around
the chromophore by relocating histidine at the 148th

(His148) position, which is one of the important residues
for H-bonds with the chromophore. The present results
provide insights for further understanding the fluorescence
mechanism of GFP and its variants.
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Materials and Methods
Gene construction and purification of fluorescent
proteins
The expression vectors pEGFP-C1 and pECFP-C1 for

eGFP and eCFP, respectively, were purchased from Takara-
Clontech (TaKaRa, Japan). eYFP was constructed by
substituting five residues in eGFP according to a previous
report: Lue64 to Phe, Ser65 to Gly, Val68 to Leu, Ser72 to
Ala, and Thr203 to Tyr [20]. The cDNAs of fluorescent
protein inserted with a single glycine (G) or three glycines
(GGG) were obtained as PCR products using primers
including G and GGG, respectively [33,34]. Thus, we
prepared nine fluorescent proteins: eCFP, eGFP, and eYFP

and their mutants inserted with glycine (eCFP-1G,
eGFP-1G, eYFP-1G, eCFP-3G, eGFP-3G, and eYFP-3G).
The amino acid sequences of eCFP, eGFP, and eYFP used
in this study are shown in Supplementary Information,
Supplementary Figure S1.

In the present study, we used the Profinity eXactTM

fusion-Tag system (BIO-RAD, USA) to purify tag-free
proteins containing the native N-terminal amino acid
sequence. The cDNA of each variant was amplified by PCR
using sense primers containing a NdeI site and reverse
primers containing a HindIII site. The PCR products were
ligated into the E. coli expression vector pAL7 between the
NdeI and HindIII sites for the construction of a fusion-tag
system (BIO-RAD, USA). The expression vector carrying

Figure 1 Optical properties of no-, one-, or three-glycine-inserted eGFP variants. (A) Schematic drawing of the glycine insertion method.
The star indicates the glycine insertion site between Asn144 and Tyr145. (B–D) Absorbance (left) and emission (right) spectra of no-, one-, or
three-glycine-inserted eYFP (B), eGFP (C), and eCFP (D). Insets in D display a section of the spectra on an expanded scale. Solid lines are
spectra that are normalized by the maximum value of each spectrum. Broken lines are normalized by the maximum value of no-glycine variants
(gray-curves). Traces represent the average of four trials. (E) Summary of spectral peak shifts of glycine-inserted variants compared to each
no-glycine-inserted variant. (F) The ratio of the sum emission intensity divided by the absorbance intensity at the excitation wavelength versus
peak shift in the emission spectra.
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the amplicon of each variant was transformed into the
E. coli variant DH5α for plasmid amplification or Rosseta2
(DE3) (Merck Millipore, DEU) for protein expression.
Protein purification was performed according to the
protocol provided by the manufacturer as described
previously using a Profinity eXact cartridge and buffers
provided in the kit (BIO-RAD) [33]. Approximately 4.0–
8.0 mg of protein was obtained. After purification, we
concentrated each variant up to 10 mg/mL by changing the
buffer to 1 mM HEPES (pH 8.0) and using Amicon Ultra
Centrifugal Filters (Merck Millipore, DEU).

Spectroscopic measurements performed under different
pH, temperature, and dehydration conditions

For analyses of pH and temperature dependence, the
variant proteins were diluted to obtain concentrations of
0.1–0.3 mg/mL in 20 mM HEPES-NaOH (pH 8.0 to
pH 7.0) or 20 mM MES (pH 6.5 or pH 6.0). For the
analysis of dehydration dependence, we prepared an
ethanol solution (v/v) adjusted to pH 7.4. The fluorescent
proteins were diluted to 0.1 mg/mL in each solution.
The absorbance spectrum (250–600 nm) was measured

with a UV–Vis spectrophotometer (UV-1650PC, Shimadzu,
Japan). The step size of the spectral measurement was 1 nm
for pH dependence in CFP and GFP, 0.1 nm for pH
dependence in YFP, 0.5 nm for ethanol concentration
dependence in all fluorescent protein variants, 1 nm for
temperature dependence in all fluorescent protein variants,
and 0.2 nm for pressure dependence in all fluorescent
protein variants. The fluorescence emission spectra
were analyzed using a fluorescence spectrophotometer
(RF5300-PC, Shimadzu, JPN; FP-6200, JASCO, Japan).
The excitation wavelength was set to 488 nm for eGFPs and
eFYPs and 440 nm for eCFPs. The step size of the spectral
measurement was 0.5 nm. The emission spectra were
scanned from 450 to 600 nm for eCFPs and from 500 to
650 nm for eGFPs and eYFPs. To measure temperature
dependence, the experimental temperature was controlled
using a temperature-controlled cuvette holder.

High-pressure spectroscopy measurement
A high-pressure optical chamber was constructed for

absorption and fluorescence spectroscopy measurements, as
previously reported [37]. The pressure chamber, consisting
of an inner cuvette (optical path length: 4 mm, inner
volume: ~0.25 mL) and the main body, was set inside a
fluorescence spectrophotometer (RF-5300PC, Shimadzu,
Japan). The pressure was applied using a hand pump
(HP-150, Syn Corporation, Japan) connected to the
chamber. To avoid an increase in the temperature, the
hydrostatic pressure was increased slowly (approximately
5 MPa/s) to the desired pressure. The emission spectra were
measured one minute after reaching the target pressure. The
emission spectra were scanned from 450 to 600 nm for

eCFPs and from 500 to 650 nm for eGFPs and eYFPs. The
protein concentration ranged from 3.3 to 10 μg/mL in
20 mM HEPES-NaOH (pH 8.0). All experiments were
performed at room temperature (25±1°C). The protein
concentration was corrected based on the density of
distilled water at each pressure point [38].

Results
Absorbance and fluorescence spectra of glycine-inserted
eYFP, eGFP, and eCFP

First, we measured the absorbance and emission spectra
of eYFP, eGFP, eCFP, and their glycine-inserted mutants.
The glycine insertion between Asn144 and Tyr145 in eYFP
caused a spectral blue-shift in both eYFP-1G and eYFP-3G
(Fig. 1B and E, orange and red), where separation in the
π–π stacking distance can be considered as the explanation
[33]. However, glycine insertion in eGFP resulted in a
similar blue-shift in the absorbance spectrum as in eYFP,
despite the absence of π-π stacking (Fig. 1C, left, and E,
light green and green). Interestingly, the insertion of three
glycine residues extended the Stokes shift; the emission
spectrum did not differ much between eGFP and eGFP-1G
but exhibited a red-shift in eGFP-3G (Fig. 1C, right, and E,
light green and green). In eCFP, a small red-shift was
observed in the emission spectra after glycine insertion
(0.60 nm for eCFP-1G and 0.67 nm for eCFP-3G, Fig. 1D,
right, and E, cyan and blue). Because the repeat accuracies
of the estimation of emission spectral shift defined by the
standard deviation of four individual measurements were
0.14 nm, the difference was significant following the three-
sigma rule assuming a normal distribution (p-value in
student t-test=0.048). Although tiny peak shifts were
observed in the absorbance spectrum of eCFP around 440
nm (0.37 nm for eCFP-1G and 0.48 nm for eCFP-3G), we
could not draw any conclusions as the repeat accuracies of
the absorbance spectral shift were 0.2 nm (p-value=0.18)
(Fig. 1D, left). As summarized, the emission spectral shift
correlated to the absorbance spectral shift except of eGFPs
where the shift direction was opposite between absorbance
and emission, and the spectral shift of eYFP-3G was
extremely large compared to those of other proteins and
variants (Fig. 1E). This result that glycine insertion caused
a spectral blue-shift in eGFP which does not have π–π
stacking indicates that the spectral blue-shift in the
absorbance of eYFP was derived not only from the
separation of the π-π stacking but also by a different
mechanism.

In order to roughly evaluate the effect on the quantum
yield, we compared the ratio of the sum emission intensity
and the absorbance intensity at the excitation wavelength.
In the case of eYFP, insertion with one glycine residue
caused a decrease in the intensity of both absorbance and
emission (Fig. 1B, broken lines). The quantum yield was

148 Biophysics and Physicobiology Vol. 18



estimated to decrease to 82% with the insertion of one
glycine and 30% with the insertion of three glycines. In
addition, the quantum yield of eGFP was decreased to 66%
after insertion of one glycine and further degraded to 46%
by the insertion of two more glycine residues (Fig. 1C,
broken lines). This result could be explained by the quench
observed as a result of the direct interaction of the
chromophore and water molecules invading the β-barrel
structure with the insertion of three glycines. The decrease
in the quantum efficiency of eCFP owing to glycine
insertion remained at 73% even after the insertion of three
glycine residues (Fig. 1D, broken lines). Thus, the quantum
yield decreased with the number of inserted glycine
residues in all cases and that of eYFP-3G was remarkable.
Furthermore, the decrease in quantum yield correlated with
the degree of spectral shift in eYFP and eGFP but not in
eCFP (Fig. 1F). Considering the spectral shift results, the
glycine insertion demonstrated more significant effects on
the spectra with respect to the tyrosine-based chromophore
than the tryptophan-based chromophore. The π-π stacking
caused a further spectral blue-shift in the tyrosine-based
chromophore after glycine insertion. Thus, the effect of
glycine insertion differed depending on the type of
chromophore.

Acidity dependence of absorbance- and fluorescence-
spectra of glycine-inserted eGFP variants

To reveal the effects of glycine insertion on proton
accessibility to the chromophore, we investigated the pH
dependence of the glycine-inserted variants. Similar to
previous reports [12,13], the acidic condition promoted the
protonation of the chromophore in eYFP (Fig. 2A, left) and
eGFP (Fig. 2B, left); the absorbance intensity near 400 nm
increased and the absorbance near 500 nm decreased under
an acidic condition, pH 6. The chromophore of eCFP did
not demonstrate this antiparallel reaction, most likely due
to the substitution of protonatable tyrosine to tryptophan at
the 65th residue; the solution pH did not affect the
absorbance spectrum of eCFP. Nevertheless, the emission
intensity decreased depending on the acidity (Fig. 2C, left).
Hence, pH primarily affected the quantum yield of eCFP.
On closer inspection of the absorbance spectrum, the
shoulder peak decreased slightly at 450 nm depending on
the solution acidity (Fig. 2C, left, inset).

Glycine insertion enhanced the pH dependence in
eGFP and eYFP by accelerating the transfer from the
deprotonated state to the protonated state (Fig. 2AB, middle
and right). Upon comparing the ratio of the sum emission
intensity and the absorbance intensity at the excitation
wavelength, the tendency of decrease in the ratio mediated
by glycine insertion remained almost unchanged with
respect to the solution acidity (Fig. 2D). The spectral peaks
in both the absorbance and emission of eYFP and eGFP did
not shift with pH changes (Fig. 2EF, left and middle, gray).

Glycine insertion led to pH dependence; an absorbance
spectral shift of 1.0 nm for eYFP-1G, 10 nm for eYFP-3G,
17 nm for eGFP-1G, and 20 nm for eGFP-3G were
observed from pH 8 to pH 6 (Fig. 2E, left and middle). The
emission peaks were also shifted following absorbance
(1.6 nm, eYFP-1G; 3.7 nm, eYFP-3G; 1.4 nm, eGFP-1G;
3.1 nm, eGFP-3G; Fig. 2F, left and middle). In eCFP, shifts
in the absorbance spectral peaks were observed; glycine
insertion into eCFP reversed the pH dependence of the
absorbance spectra peak (Fig. 2E, right). All these changes
were observed within 0.7 nm. The repeat accuracy of the
estimation of the absorbance spectral shift was degraded
to 0.40 nm owing to the difficulty in pH adjustment.
Therefore, a shift of less than 1.2 nm was statistically
insignificant following the three-sigma rule. Meanwhile,
the spectral peak observed in the emission of eCFP was
significantly shifted by 2.2 nm from pH 8 to pH 6 (Fig. 2F,
right, gray) with the repeat accuracy of 0.26 nm
(p-value=0.002). As with the absorbance spectrum, glycine
insertion dwindled this dependency (Fig. 2F, right, cyan
and blue). Hence, the absorbance and emission spectral
peaks of eCFP shifted toward red depending on the pH, and
the degree of the shift was reduced with glycine insertion.

Overall, the effect of glycine insertion on pH dependence
demonstrated the same tendency for eGFPs and eYFPs;
however, the effect was more pronounced in eGFPs.
Based on the results, we interpreted that glycine insertion
facilitated proton accessibility in the β-barrel structure. The
blue-shifts in the absorbance and emission spectra under
acidic conditions were observed in glycine-inserted eGFPs
and eYFPs (Fig. 2EF, left and middle), which may have
been caused by the electronic state change in the
protonation state of the tyrosine-based chromophore.
However, the peak shifts in the tryptophan-based
chromophore present in eCFPs (Fig. 2EF, right) were too
small and complicated for easy interpretation.

Temperature dependence of the fluorescence spectrum
of glycine-inserted eGFP variants

We next measured the emission spectra of the glycine-
inserted variants at solution temperatures ranging from 5
to 45°C. eYFP exhibited a temperature-dependent decrease
in emission intensity (Fig. 3A), which is typical for
fluorescent proteins or dyes as the quantum yield typically
decreases with an increase in the temperature. The tempera‐
ture dependence of the emission intensity of eYFP was
enhanced by 1.7-fold upon insertion of one glycine residue
and 2.2-fold upon insertion of three glycine residues
(Fig. 3A, and 3BC, left). The emission spectral peak of
eYFP-3G slightly shifted to red with increasing
temperature, i.e., 1 nm per 40°C. The emission spectral
peaks of eYFP and eYFP-1G were slightly but significantly
shifted toward blue (Fig. 3D, left). eGFP and eCFP
also demonstrated a temperature-dependent decrease in
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emission, with eCFP showing the most remarkable change
(Fig. 3BC, middle and right). In the case of eGFP, insertion
of one glycine residue enhanced the emission intensity
by 2.0-fold but inserting two more glycine residues

demonstrated no further enhancement (Fig. 3BC, middle).
The temperature dependence of eCFP was comparable to
that of eYFP-3G even without glycine insertion and was
enhanced by approximately 1.3-fold upon insertion of one

Figure 2 pH dependence of no-, one-, or three-glycine-inserted eGFP variants. (A, B, C) Absorbance (broken lines) and emission (solid
lines) spectra of no- (left), one- (middle), or three (right)-glycine-inserted eYFP (A), eGFP (B), or eCFP (C) at pH 6 (gray), 7 (orange, light
green, or cyan), and 8 (red, green, or blue). Insets in C show enlarged graphs. The intensities were normalized by that observed at pH 8. Traces
represent the average of four trials. (D) pH dependence of the ratio of sum emission intensity and absorbance intensity at the excitation
wavelength of the no- (0G, gray), one- (1G, orange, light green, or cyan) or three-glycine (3G, red, green, or blue) inserted variants. Values were
normalized by the value of the no-glycine variant observed at pH 8. (E, F) The spectral peak of absorbance (E) and emission (F) of the no- (0G,
gray), one- (1G, orange, light green, or cyan) or three-glycine (3G, red, green, or blue) inserted variants.
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glycine residue and 1.5-fold with three glycine residues
(Fig. 3BC, right). The emission spectral peak of eGFP
shifted toward red with an increase in the temperature, i.e.,
2.5 nm per 40°C (Fig. 3DE, middle), similar to that
reported previously [26–28]. eCFP demonstrated spectral
peak shifts to the same extent as eGFP (Fig. 3D, left). The
spectral shifts of eGFP and eCFP were not perturbed by
glycine insertion (Fig. 3DE, middle and right). Based on
these results, we speculated that temperature affects two
elements as demonstrated by the blue-shift and red-shift in
the absorbance and emission spectrum, respectively. They
are antagonistic in eYFP and eYFP-1G, and eYFP-3G
was dominated by the blue-shift population compared to
the red-shift population. Subsequently, only the red-shift
population contributed to eGFP and eCFP.

Pressure dependence of the fluorescence spectrum of
glycine-inserted eGFP variants

We previously reported the hydrostatic pressure
dependence of glycine-inserted YFP variants [33]. In this
study, we compared other color variants. Among eYFP,
eGFP, and eCFP, eCFP was the most sensitive to pressures
ranging from 0.1 to 50 MPa (Fig. 4A, and BD, gray). The
fluorescence of eGFP and eCFP with no glycine insertion
simply increased with pressure loading (Fig. 4BD, right
and middle, gray) and that of eYFP was almost constant
(Fig. 4B, left, gray). These results are consistent with those
reported previously in a different study [30]. The glycine
insertion rendered the eYFP sensitive to pressure based on
the number of inserted glycine residues (Fig. 4B, left).
eCFP was sensitive to pressure even without glycine
insertion; its sensitivity was enhanced depending on the
number of inserted glycine residues (Fig. 4BC, right). The

Figure 3 Temperature dependence of no-, one-, or three-glycine inserted eGFP variants. (A) Emission spectra of no- (left), one- (middle), or
three (right)-glycine inserted eYFPs measured at temperatures ranging from 5°C (magenta) to 45°C (red). The fluorescence intensities were
normalized with respect to the peak values observed at 25°C. Traces represent the average of four trials. (B) Temperature dependence of the sum
emission intensity at 500–650 nm for eGFPs and eYFPs and 460–600 nm for eCFPs. The values represent ratios between the sum emission
intensities at each temperature and at 25°C. Error bars represent standard deviation. (C) Summary of the effect of temperature on the sum
emission intensity. The slope value was obtained by fitting the data in B to a linear equation by least squares. (D) Temperature dependence of the
peak shift. The values represent the distance between spectral peaks at each temperature and at 25°C. Error bars represent standard deviation.
(E) Summary of the effect of temperature on the spectral peak shift. The slope value was obtained by fitting the data in D to a linear equation by
least squares.
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effect of the glycine insertion on eGFP was different from
that of eYFP or eCFP; while insertion of one glycine
residue enhanced the pressure dependence of the emission
intensity, insertion of three glycine residues reduced it
(Fig. 4BC, middle).
The emission spectral peak of eYFP shifted toward red

i.e., 0.5 nm from 0.1 to 50 MPa (Fig. 4DE, left). This can be
explained by the compaction of the π-π stacking, as
previously reported by other groups [32,36]. On the other
hand, a blue-shift in the emission spectrum (approximately
0.7 nm by 0.1 to 50 MPa) was observed in eGFP which
does not have π-π stacking (Fig. 4DE, middle), as
previously reported [28]. Different mechanisms other than
compaction of π-π stacking may be attributed for the
spectral red-shift mediated by pressure loading. The
spectral shift of eYFP and eGFP mediated by pressure
loading was not affected by the insertion of one glycine
residue but was altered by the insertion of three glycine

residues (Fig. 4DE, left and middle). The spectral shift
of the glycine-inserted eCFPs demonstrated no change
compared to that of eCFP (Fig. 4DE, right).

Hydrophobicity dependence of the fluorescence
spectrum of glycine-inserted eGFP variants

In a previous study, we showed that the insertion of one
glycine residue enhanced the dependence on solution
hydrophobicity, which resulted in increased sensitivity to
the surrounding protein concentration [34]. In this study,
we investigated the effect of dehydration mediated by
ethanol on the fluorescence of the glycine-inserted GFP
variants. Changes in the fluorescent intensity and emission
spectrum peak of eYFP were negligible in response to 30%
ethanol (v/v) (Fig. 5A, left and Fig. 5BC, left, gray).
Insertion of one glycine residue led to the dependence of
the emission intensity on ethanol concentration, and the
insertion of three glycines changed ethanol dependence in

Figure 4 Pressure dependence of no-, one-, or three-glycine inserted eGFP variants. (A) Emission spectra of eYFP (left), eGFP (middle), or
eCFP (right) measured at pressures ranging from 0.1 MPa (magenta) to 50 MPa (red). The fluorescence intensities were normalized with respect
to peak values at 0.1 MPa. Traces represent the average of four trials. (B) Pressure dependence of the sum emission intensity at 500–650 nm for
eGFPs and eYFPs and 460–600 nm for eCFPs. The values represent ratios between the sum emission intensities at each pressure and at 0.1 MPa.
Error bars represent standard deviation. (C) Summary of the effect of pressure on the sum emission intensity. The slope value was obtained by
fitting the data in B to a linear equation by least squares. (D) Pressure dependence of the peak shift. The values represent the distance between
spectral peaks at each pressure and at 0.1 MPa. Error bars represent standard deviation. (E) Summary of the effect of pressure on the spectral peak
shift. The slope value was obtained by fitting the data in D to a linear equation by least squares.
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the biphasic reaction for eYFP (Fig. 5A, and Fig. 5BC,
orange and red). The same tendency was observed with
eGFP, although the degree of change was smaller than that
of eYFP (Fig. 5BC, middle). In eCFP, the intensity
decreased by only 10% with 30% ethanol, and glycine
insertion enhanced the dependency contingent on the
number of inserted glycine residues (Fig. 5BC, right). In
summary, the effect of ethanol on the emission intensity
depended on whether the chromophore was tryptophan-
based or tyrosine-based, where a simple decrease in the
emission intensity by ethanol was observed in the
tryptophan-based chromophore (CFP) whereas the effect
was biphasic in the tyrosine-based chromophores (GFP,
YFP).
The spectral peak did not demonstrate any shift with

30% ethanol for all variants devoid of glycine insertion

(Fig. 5DE, gray). The spectral peak of eYFP-1G linearly
shifted toward blue, reaching 3 nm with 30% ethanol
(Fig. 5DE, left, orange). However, the insertion of three
glycine residues restricted this enhancement to ethanol
concentrations of >10% (Fig. 5DE, left, red). Interestingly,
the emission spectra of eGFP-1G and eGFP-3G showed the
opposite reaction to eYFPs, with a shift toward red
(Fig. 5DE, middle). In eCFPs, almost no effect of glycine
insertion was observed (Fig. 5DE, middle); however, a
slight red-shift (0.3 nm) was detected in eCFP-3G (Fig. 5E,
right, inset). In short, glycine insertion altered the
dependence of only tyrosine-based chromophores on the
ethanol concentration, and the presence of π-π stacking
reversed the direction of the spectral shift.

Figure 5 Ethanol concentration dependence of no-, one-, or three-glycines inserted eGFP variants. (A) Emission spectra of no- (left), one-
(middle), or three (right)-glycine inserted eYFPs measured at ethanol concentrations ranging from 0% (magenta) to 30% (red). The fluorescence
intensities were normalized with respect to the peak values at 0%. Traces represent the average of four trials. (B) Ethanol concentration
dependence of the sum emission intensity at 500–650 nm for eGFPs and eYFPs and 460–600 nm for eCFPs. The values represent ratios between
the sum emission intensities at each ethanol concentration and at 0%. Error bars represent standard deviation. (C) Summary of the effect of
dehydration induced by ethanol on the sum emission intensity. The slope value was obtained by fitting the data in B to a linear equation by least
squares. (D) Ethanol concentration dependence of the peak shift. The values represent the distance between spectral peaks at each ethanol
concentration and at 0%. Error bars represent standard deviation. (E) Summary of the effect of dehydration induced by ethanol on the spectral
peak shift. The slope value was obtained by fitting the data in D to a linear equation by least squares.
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Discussion
In this study, we investigated the spectral characteristics

of eYFP, eGFP, and eCFP and their variants with one or
three glycine residues inserted before Tyr145, at various
pHs, temperatures, pressures, and ethanol concentrations.
The ratio of the sum emission intensity and absorbance
intensity at the excitation wavelength decreased with the
number of inserted glycine molecules (Fig. 1), indicating
a decrease in quantum yields. The dependence on pH,
temperature, pressure, and ethanol concentration was
enhanced without any changes in the trend, except for pH
dependence in eCFPs (Figs. 2–5). These results indicate
that glycine insertion led to the invasion of water molecules
into the β-barrel, enhancing the dependence of the emission
intensity on each factor. In contrast, the peak shifts in the
absorbance or emission spectrum varied among the proteins
and their variants. Thus, the spectral shift is a key parameter
for determining the mechanism of the effects of glycine
insertion.
The absorbance/emission spectral shift occurs depending

on the electronic state around both the tyrosine-based
and the tryptophan-based chromophore [39,40]. The
glycine insertion caused a blue-shift in the tyrosine-based
chromophore, but less in the tryptophan-based
chromophore (Fig. 1). X-ray crystallography revealed that
glycine insertion alters the side chain of His148 by twisting
the β-strand, as previously reported [33]. The theoretical
simulation predicted that the blue shift in the absorbance
spectrum is caused by canceling the electric charge of the
His148 residue [40]. The results demonstrate the possibility
that the H-bond network composed of the chromophore
and the side chain on the β-strands including H148 is
rearranged by glycine insertion, altering the variation of
electrostatic fields around the chromophore. It is reasonable
that the glycine insertion did not affect eCFP because H148
in eCFP faces toward the bulk and does not interact with
the chromophore [41].
The excited-state proton transfer (ESPT), which is

observed when wild-type Aequorea victoria GFP is excited
by ultraviolet light, causes a large emission red shift
[42,43]. With the ESPT, the proton on the phenol is passed
to Glu222 through the proton wire, resulting in the
deprotonation of the chromophore and emission of
fluorescence at 510 nm. The S65T substitution perturbs the
arrangement of the chromophore, side chains, and Glu222,
thereby disabling the ESPT reaction [44]. The ESPT
disabled by S65T or substitution of Glu222 with glutamine
(E222Q), can be recovered by substituting His148 with
aspartic acid (H148D) [12,45]. Thus, the positive charge
on the His148 is critical for determining the characteristics
of the spectrum.

Temperature change alters the variation in the dipolar
moment, causing charge transfer between the adjacent

oxygen atoms and decreasing the emission energy by
reorganizing molecules around the electronically excited
chromophore, causing a spectral shift [28]. As a result, a
shift of charge density occurs so as to shift the emission
spectrum toward red in the eGFP chromophore with an
increase in temperature [46]. The glycine insertion did not
affect temperature dependence in the emission spectral
peak in the eGFP (Fig. 3D). Since the glycine insertion
affected the pH sensitivity in all cases (Fig. 2), we assumed
that the temperature of the solution altered the optical
property apart from the pH sensitivity, which refers to the
equilibrium between protonation-deprotonation states of
the chromophore. To briefly assess this hypothesis, we
investigated the temperature dependency of a YFP variant,
citrine, with less dependence on pH by substituting
methionine at the 69th position to glutamine (Q69M) [47],
and found no obvious differences in the intensity decrease
or spectral shift between eYFP and citrine as expected
(Supplementary Fig. S2AB). This additional result strongly
suggests that glycine insertion is not associated with the
occurrence of charge density shifts that can be perturbed by
increasing temperature. Altogether, it can be roughly
concluded that the effect of glycine insertion can be
primarily attributed to the rearrangement of the H-bond
network including H148. Meanwhile, we do not have a
clear explanation for the spectral shift observed with
glycine-inserted eGFPs upon a decrease in pH.

In eYFP, glycine insertion alters the distance of the
π-π stacking, causing a blue-shift in the spectra [33].
This outcome is thought to be more effective than the
rearrangement of the H-bond network. The spectral shift
due to the decrease in pH was observed not only in glycine-
inserted eGFPs but also in glycine-inserted eYFPs with a
similar trend (Fig. 2), indicating that π-π stacking was not
the main reason for the pH dependence of the spectral
blue-shift. The lower temperature sensitivity of eYFP
could be explained by the participation of π-π stacking
[28,32,36]. In eYFP-3G, the contribution of π-π stacking
can be considered to be lower than that observed in other
variants since the effect appears similar to that observed in
eGFP. In the experiments measuring the dependence on
ethanol, the presence of π-π stacking in eYFP completely
inverted the effect of glycine insertion on spectral shift in
eGFPs, which do not have π-π stacking (Fig. 5). In short,
π-π stacking can be altered by temperature, pressure, or
ethanol but not by pH.

In eCFP, although a small red shift and a decrease in
quantum yield were observed with pH 8 at room tempera‐
ture and atmospheric pressure, the overall fluorescence
property was not affected significantly by glycine insertion
(Fig. 1). Because the tryptophan-based chromophore in
eCFP is not deprotonated, the mechanism of pH depen‐
dence of eCFP would be different from eYFP or eGFP. The
spectral shoulder peak at 450 nm decreased with a decrease
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in pH, which was enhanced by glycine insertion (Fig. 2).
This shoulder peak arises from the co-existence of cis-trans
isomers, and their population is responsible for the
variation in spectral shape due to pH change [48]. Glycine
insertion might lead to a decrease in the free energy barrier
for state transfer between cis-trans conformations of eCFP.
Recently, it was reported that the tryptophan-based
chromophore can be deprotonated under certain conditions
or effective substitution [49]. There is also a possibility that
the distortion of the β-barrel by glycine-insertion resulted
in the protonated state of the eCFP chromophore, changing
the spectral shape.

At high pressures, the emission intensities of eYFP,
eGFP, and eCFP were all enhanced by glycine insertion
(Fig. 4). This might be attributed to the increased formation
of H-bonds between the chromophore and adjacent
residues, as the chromophore cavity is compacted with
pressure increase [28,31]. In the additional experiment,
the Q69M substitution in citrine diminished this pressure
sensitivity: the pressure dependence of the emission
intensity of citrine was almost the same as that of
eYFP, and the spectral shift was significantly smaller
(Supplementary Fig. S2CD). Therefore, pressure sensitivity
is thought to occur through the same mechanism as pH
sensitivity and can be enhanced by glycine insertion.
Moreover, the compaction of the chromophore cavity
induced by a pressure increase might be enhanced by
untying a part of the β-barrel via glycine insertion. The
chromophore cavity is expected to shrink with the addition
of the molecular crowding agent to the solution [50].
The effects of the addition of a small-molecular or
macromolecular crowing agent to the eYFPs, sucrose or
polyethylene glycol (PEG6000), respectively, differed
compared to the pressure dependence. There was also a
difference between sucrose and PEG6000 (Supplementary
Fig. S3). The insertion of three glycines caused a small
peak shift of less than 0.1 nm, but the direction was the
opposite; a red-shift with sucrose and blue-shift with
PEG6000 (Supplementary Fig. S3, red). This result indicated
that the effect of molecular crowding on the eYFP structure
may depend on the size of the crowding agent, and that it is
not possible to simply relate the effects of molecular
crowding to the effects of pressure.

With respect to the dependency on ethanol concentration,
the effect of glycine insertion differed among eYFPs,
eGFPs, and eCFPs (Fig. 5). Insertion of one glycine residue
decreased the emission intensity by increasing the ethanol
concentration. However, further insertion of glycine residues
resulted in a biphasic reaction to ethanol dependence in
eYFP and eGFP (Fig. 5B, left, middle). Insertion of one
glycine residue produced the space for water to invade near
the chromophore by twisting and shifting β-strand 7, and
when glycine was further inserted, the residues of 146–
149th were no longer folded [33]. Since dehydration alters

not only solvent dynamics but also protein folding, the
mutants inserted with three glycines with a flexible region
in β-strand 7 might exhibit a more complicated alternation
than the mutants inserted with one glycine residue.
Meanwhile, the chromophore of fluorescent proteins
without glycine insertion are perfectly protected by the
barrel structure, and hence, would not be affected by the
dehydration conditions of the surrounding environment.
However, eCFP-3G simply enhanced the ethanol-
dependent decrease in emission intensity (Fig. 5B, right).
The H-bond situation around the 65th residue is thought to
be altered depending on the number of inserted glycine
residues. This can also explain the difference in the spectral
red-shift by addition of ethanol observed between GFP-1G
and GFP-3G (Fig. 5D, middle) attributed to the charge
transfer, similar to temperature dependence. The shift
direction of eYFP was opposite to that of eYFPs. The π-π
stacking distance is thought to separate so as to exceed the
red-shift. However, this explanation cannot exceed the
speculation based on spectroscopic information. Crystal
structure analysis is indispensable for discerning the
accurate and detailed underlying mechanism. Additionally,
molecular dynamics simulation and quantum mechanics/
molecular mechanics simulation provide the essential help
for interpretation or reproduction of structure and spectrum
analysis [28,51–56].

Conclusion
The chromophore emits fluorescence as a result of a

variety of excitation states derived from the physico‐
chemical equilibrium in the ground state based on its
conformation and/or protonation. In addition, various
reactions in the chromophore are specifically induced in the
excited state, such as enol-imine tautomeric formation,
charge transfer, dielectric relaxation, etc., resulting in
emission with various energies. The solvent interaction with
the chromophore directly relates to the aforementioned
properties. According to our present results, we conclude
that glycine insertion rearranges the H-bond network
including His148. Nevertheless, the present results provide
important insights into the fluorescence mechanism of GFP
variants by altering the solvent interaction with the
chromophore via induction of a mutation. In conclusion, we
believe that glycine insertion can be a good approach to
investigate the relationship between water molecules and
the chromophores to reveal the fluorescent mechanism
or to develop variants of these fluorescent proteins with
enhanced functions.
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