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a b s t r a c t

For the whole GFP family, a few cases, when a single mutation in the chromophore environment strongly
inhibits maturation, were described. Here we study EYFP-F165G – a variant of the enhanced yellow flu-
orescent protein – obtained by a single F165G replacement, and demonstrated multiple fluorescent states
represented by the minor emission peaks in blue and yellow ranges (~470 and ~530 nm), and the major
peak at ~330 nm. The latter has been assigned to tryptophan fluorescence, quenched due to excitation
energy transfer to the mature chromophore in the parental EYFP protein. EYFP-F165G crystal structure
revealed two general independent routes of post-translational chemistry, resulting in two main states
of the polypeptide chain with the intact chromophore forming triad (~85%) and mature chromophore
(~15%). Our experiments thus highlighted important stereochemical role of the 165th position strongly
affecting spectral characteristics of the protein. On the basis of the determined EYFP-F165G three-
dimensional structure, new variants with ~ 2-fold improved brightness were engineered.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction chemical processes within cells or whole organisms, and the
The GFP-like fluorescent proteins (FPs) have become an impor-
tant noninvasive tool for visualization and monitoring of the bio-
range of their application is continuously expanding [1–3]. A sim-
ple fact that a genetically encoded fluorophore can be used in
almost any expression system without special requirements has
laid a basis for the elaboration of a bundle of techniques used today
in virtually every life science research field. The potential of GFP is
provided primarily by its self-sufficiency as a product of genetic
expression [4]. The GFP chromophore is formed autocatalytically
from the three of its own amino acid residues by a multistage path-
way called maturation [5–7].

In avGFP, the first fluorescent protein isolated from Aequorea
victoria jellyfish, the chromophore is matured from the serine-
tyrosine-glycine amino acid triad, and its structure serves a proto-
type for the GFP-type family of chromophores – bicyclic com-
pounds originated from the tripeptide -X65-Tyr66-Gly67- motif
(where X is any amino acid residue, and the number indicates a
residue position in the polypeptide chain according to the amino
acid numbering of the ancestral avGFP). It was shown that the
chromophore maturation process, which requires no external fac-
tors except the molecular oxygen, includes consecutive cyclization,
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dehydration, and oxidation, with the latter reaction being rate-
limiting one [6–10]. An alternative order of reactions leading to
chromophore formation (cyclization-oxidation-dehydration) was
also proposed [11]. Despite an extensive study of maturation
chemistry by both instrumental and theoretical methods, there
are still the details of this process remaining poorly understood.
Although the drastic effect of mutations at 96 and 222 positions,
originally occupied by arginine and glutamate, respectively, on
the maturation kinetics has been repeatedly described [12,13],
these residues are not strictly necessary for successful chro-
mophore formation [14–16]. Thus, the exact sequence of events,
catalysis mechanism at the different maturation stages, and the
role of 96th and 222nd residues in the reaction are debatable to
date [17].

The rate of the GFP chromophore maturation can be measured
by different methods, giving slightly divergent results for the same
fluorescent protein [8,13,18,19]. In addition, this value substan-
tially varies among the fluorescent proteins family members [20].
Usually, the green-yellow fluorescent proteins demonstrate the
maturation rates within the minutes-to-hours range [8,10,18,20];
though the mutants with the dramatically impaired maturation
(with the rate constants up to several months) were also engi-
neered [12,21].

Apparently, the chromophore maturation should not be consid-
ered as a completely isolated post-translational phenomenon.
There is evidence that the protein folding and the chromophore
maturation are interconnected and interdependent processes.
First, the chromophore amino acid environment formed during
folding is of importance in lowering both the entropic and enthal-
pic barriers to cyclization, the first maturation step [17]. In other
words, the chromophore-forming triad is prepared for maturation
by the neighboring amino acids environment within the beta-
barrel protein fold similar to a substrate activation in the enzyme
active site [17]. Second, the measurements on the sfGFP
(superfolder GFP) – avGFP-derived mutant with improved folding
– showed hysteresis in the unfolding and refolding equilibrium
titration curves, thus revealing a rough energy route of folding
[21]. Meanwhile for the mutants with weakly maturing chro-
mophores, the corresponding curves were shown to be superim-
posable. These facts could point to the mature chromophore
as a cause for the energy hindrance in GFP unfolding/refolding
[21–22]. Thus, chromophore formation is closely related to the
architecture of the entire protein molecule and understanding
the role of the chromophore amino acid environment is a key con-
dition for design of new improved FPs.

In this contribution, we reveal an important role of amino acid
substituent at position 165 in the chromophore maturation of the
enhanced yellow fluorescent protein (EYFP). In EYFP, amino acid
residue at the 165th position directly contacts with the chro-
mophore and is natively occupied by a phenylalanine [15,23]. Ear-
lier, participation of the 165th residue in the excited-state electron
transfer (ESET) in EGFP/EYFP [24] and in the EGFP brightness tun-
ing [25] were proposed. We therefore have targeted mutagenesis
to the EYFP 165th position aiming at the deeper analysis of its role
in the fluorescent protein behavior. We have found that the EYFP-
F165G variant (amino acid sequence is shown in Fig. 1)
demonstrates unexpectedly low fluorescence intensity in a yellow
spectral region (520–530 nm) typical for the parental EYFP, while
emission in a near-UV range (~330 nm) was significantly enhanced.
To understand the drastic changes in the EYFP-F165G spectral
behavior compared to its ancestor, we carried out a study combin-
ing mutagenesis, time-resolved fluorescence spectroscopy, and
X-ray crystallography. These efforts allowed to clarify the function
of residues at position 165 in EYFP-family and to perform a
structure-based design of the promising probes with improved
brightness.
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2. Materials and methods

2.1. Site-directed mutagenesis and protein expression

The EYFP mutants were generated using IVA-cloning PCR tech-
nique [26] with the following oligonucleotide set containing the
appropriate substitutions (primer sequences are shown in Suppl.
methods). pQE30 plasmid vector backbone (Qiagen) and E. coli
XL1 Blue strain (Evrogen) were used for the DNA constructs
assembly.

FP variants, cloned into the pQE30 vector (Qiagen) with a 6His
tag at the N-terminus, were expressed in E. coli XL1 Blue strain
(Evrogen). The proteins were isolated by ultrasonic cell lysis, puri-
fied using TALON metal-affinity resin (Clontech), eluted from the
adsorbing material by treatment with 100 mM imidazole (pH 8)
and then desalted by ultrafiltration with Amicon� Ultra-0.5 10 K
(Merck) filters. All isolation and chromatography procedures were
performed in PBS buffer pH 7.4 (Gibco). The same solution was fur-
ther used for the specimen storage and spectroscopy
measurements.
2.2. Spectroscopy and fluorescence brightness evaluation

For absorbance and fluorescence excitation-emission spectra
measurements, a Cary 100 UV/VIS spectrophotometer and a Cary
Eclipse fluorescence spectrophotometer (Varian) were used. Fluo-
rescence brightness was evaluated as a product of molar extinction
coefficient by quantum yield multiplication. Measurements on all
native proteins were carried out in phosphate buffered saline
(PBS, pH 7.4, Gibco). For molar extinction coefficient determina-
tion, we relied on measuring mature chromophore concentration.
EYFP and its mutants were alkali-denatured in 1 M NaOH. Under
these conditions, GFP-like chromophore is known to absorb at
447 nm with an extinction coefficient of 44,000 M�1cm�1 [27].
Based on the absorption of the native and alkali-denatured pro-
teins, molar extinction coefficients for the native states were calcu-
lated. For determination of the quantum yield, the areas under
fluorescence emission spectra of the mutants were compared with
equally absorbing EYFP (quantum yield 0.61).
2.3. Time-resolved emission spectroscopy

Fluorescence was excited by pulses at 262 nm obtained from
the 4th harmonic of a Yb femtosecond laser (TEMA-150 and
AFsG-A, Avesta Project LTD., Moscow, Russia), driven at an
80 MHz repetition rate, delivering 150 fs pulses to the sample.
Laser power was adjusted by neutral density filters and was typi-
cally 10 mW. In other series of experiments, excitation was per-
formed at 405 nm by a 26 picosecond laser (InTop, Russia),
driven at a 25 MHz repetition rate. Fluorescence of the samples
in the 300–400 nm range was collected perpendicular to the exci-
tation beam path via a collimation lens coupled to the optical fiber.
Fluorescence was detected by a cooled ultra-fast single-photon
counting detector (HPM-100-07C, Becker&Hickl, Germany) with
low dark count rate (~10 counts per second), coupled to a
monochromator (ML-44, Solar, Belarus). In order to obtain time-
resolved fluorescence spectra, decay kinetics were measured at dif-
ferent wavelengths with identical integration times (10 s). The
temperature of the sample was stabilized at 25 �C by a Peltier-
controlled cuvette holder Qpod 2e (Quantum Northwest, USA)
with a magnetic stirrer. Changes of fluorescence intensity, lifetime
and spectrum were processed using the SPCImage 8.1 (https://
www.becker-hickl.com/products/category/software/, Becker&-
Hickl, Germany) software package. To obtain the time-integrated
fluorescence intensity and steady-state emission spectra, the num-
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Fig. 1. Amino acid sequence of EYFP-F165G. The chromophore triad GYG is highlighted in yellow and the residue G165 is shown in red.
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ber of photons in each time channel of individual fluorescence
decay histograms was summed up after background noise
correction (subtraction of dark offset measured in advance). All
calculations were performed using Origin Pro 2015 (https://
www.originlab.com/origin, OriginLab Corporation, USA). All exper-
iments were repeated at least three times.

2.4. Fourier-transform infrared (FTIR) spectroscopy

IR-spectra were obtained at 4 cm�1 resolution with 25 scans
using a MIRacle single reflection horizontal ATR with KRS-5 dia-
mond (PIKE Technologies, USA) coupled to a Spectrum Two FTIR
spectrometer (Perkin Elmer, Germany) equipped with lithium tan-
talate MIR detector.

2.5. Crystallization, X-ray data collection and structure determination.

Crystals of EYFP-F165G suitable for X-ray study were grown at
20 �C by a hanging drop vapor diffusion method. For crystalliza-
tion, the protein was transferred to a solution of 5.7 mg/ml in
20 mM Tris pH 7.5, containing 200 mM NaCl. The protein solution
(2 ll) was mixed with 2 ll of a 1.44 M (NH4)2SO4, 60 mM Bicine pH
9.0 reservoir solution. The crystals appeared in two weeks. X-ray
diffraction data were collected from single crystals flash-cooled
in a 100 K nitrogen stream. Prior to cooling, the crystals of EYFP-
F165G were transferred to a cryo-protecting solution containing
20% glycerol and 80% reservoir solution. Data were collected at
2.2 Å resolution with a MAR300 CCD detector at the SER-CAT
beamline 22-ID (Advanced Photon Source, Argonne National Labo-
ratory, Argonne, IL) and were processed with HKL2000 [28].

Crystal structures of EYFP-F165G were determined by the
molecular replacement method with MOLREP [29], using as a
search model the coordinates of the variant of EYFP [30] (PDB ID:
3V3D). Crystallographic refinement was performed with REFMAC5
[31], alternating with manual revision of the model with COOT
[32]. Location of water molecules and structure validation were
performed with COOT. The figures were prepared with PYMOL
[33]. Crystallographic data and structure refinement statistics are
given in Table S1. The coordinates and structure factors of EYFP-
F165G were deposited in the Protein Data Bank under accession
code 6ZQO.

2.6. Chromophore maturation measurement

The maturation rate measurement protocol is based on a fluo-
rescence appearance recording upon fluorescent protein renatura-
2952
tion [20]. The purified proteins (0.2 mg/ml) were denatured by
heating at 70 ℃ for 3 min in 7 M urea, 1 mM DTT, 5 mM sodium
dithionite. This procedure provides both a polypeptide chain
unfolding and a reversion of the rate-limiting oxidation step of
chromophore formation. To start renaturation, the denatured pro-
teins were dissolved 1:100 in 1 ml PBS pH 7.4 (Gibco), and then
subjected to a single-wavelength fluorimetry monitoring (kinetics
were recorded at 515 nm). Fluorescence curves reaching plateau
were normalized to a maximum value, and the time to reach a
half-maximum was taken as a chromophore maturation time.
3. Results

3.1. Spectral features

Surprisingly, solution of EYFP-F165Gmutant showed no intense
yellow-green color and fluorescence. Instead of the main ~510 nm
absorption band typical for the EYFP and close homologs, its absor-
bance spectrum was characterized by a 279 nm peak, and a minor
peak at 514 nm (Fig. 2A). Fluorescence spectra of EYFP-F165G
mutant revealed excitation maxima (two of which correspond to
the absorption peaks, and one additional at 401 nm, not visible
as a separate peak in the absorbance spectrum of the mutant)
and 3 emission bands peaking at 328 nm (major band), ~ 465
and ~ 530 nm (minor bands) (Fig. 2B). While ex514/em530 nm flu-
orescence should be, most likely, attributed to the mature EYFP
chromophore (GFP-like chromophore pi-stacked with the
tyrosine-203 residue [24]), origin of the remaining UV and blue
bands had to be established. UV-violet spectral form analysis was
of a particular interest since its specific excitation/emission wave-
lengths could be potentially used in fluorescence imaging in a sep-
arate spectral channel.

Interestingly, in a freshly isolated protein, the long-wave
absorption/fluorescence is weakly expressed, while in the protein
that has been stored for 2 weeks, the contribution of these bands
increases substantially (Fig. S1). We connected such phenomenon
with the gradual slow chromophore maturation, a similar behavior
was described for the GFP R96A mutants [12,22].

3.2. UV fluorescence origin

Typically, fluorescent proteins have intense absorption in the
260–320 nm region, and do not fluoresce in the region shorter than
425 nm [34]. As we noted above, EYFP-F165G is characterized by a
strong emission in the UV region (~330 nm), which is not charac-
teristic for any previously characterized modifications of a fluores-
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Fig. 2. (A) Absorption spectra of EYFP (orange line) versus EYFP-F165G (blue line). In EYFP, mature chromophore absorbs in the two spectral regions, ~ 400 nm (minor neutral
form) and ~ 510 nm (major anionic form). For EYFP-F165G, enlarged absorbance peak of the mature chromophore is shown in a separate box. (B, C) Fluorescence excitation
(dashed lines) and emission (solid lines) spectra of EYFP-F165G (in blue) and EYFP (in orange). The data recorded within the different spectral ranges are shown separately
(UV region – panel B, green-yellow region – panel C, violet-blue region – the box between B and C). Excitation and emission maxima are marked above the peaks. The
wavelengths used for spectra recordings are indicated in the legend. Fluorescence spectra were recorded using equal detector gain adjustments, monochromator slits, and
corrected to the detector spectral sensitivity values and power of the excitation light source. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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cent protein chromophore. We thus supposed that the observed
UV emission is provided by W57, the only tryptophan residue in
this protein. Although EYFP has 9 tyrosine residues, most of them
are exposed into the solvent and thus must be significantly
quenched, while the indole group of tryptophan is located in the
hydrophobic core of the protein approximately 14.5 Å away from
the chromophore, which is close enough for the efficient excitation
energy transfer which might be the reason of low fluorescence
intensity of EYFP with mature chromophore in the UV region
[15,23,35]. In order to test our hypothesis and to assess coupling
between the only tryptophan (W57) residue and the chromophore
at the different stages of its maturation, we used a femtosecond
UV-light source and measured time-resolved emission spectra of
EYFP, EYFP-F165G and EYFP-R96A (Fig. 3A–C). The latter protein
was designed to provide us with a control sample, where the mat-
uration is inhibited a priori (see [12,22]). As we mentioned in Intro-
duction, R96A substitution was shown to dramatically affect the
GFP chromophore maturation rate [12,22,36–37]. Notably, slow
maturation of the diverse GFP R96A mutants was accompanied
by a gradual decrease in the Trp57 fluorescence [22].

Examination of the emission in the UV region revealed that the
shape of the spectrum of the fluorophore (which we assign to
W57) is largely similar in EYFP and its mutants and dominated
by the main component with the maximum at approximately
330 nm. In EYFP, we found an additional minor component with
emission at ~ 390 nm (average fluorescence lifetime about
2.5 ns) which was completely absent in mutants (Fig. 3A). Lifetime
of the main component with 330 nm emission maximum was
equal to 270 ps in EYFP, while in the mutants it was about
1.7 ns, which explains observed differences in the intensity of
steady-state fluorescence. We assume that the reason of 6.4-fold
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reduction of W57 fluorescence lifetime in EYFP is in the excitation
energy transfer (EET) to the mature chromophore. Indeed, inspec-
tion of the fluorescence decay of EYFP (and mutants) chromophore
at 530 nm upon the direct excitation in the visible region (Fig. 3J)
reveals that accumulation of its excited state occurs with about
280 ps delay when excited in the UV, which proves that W57 trans-
fers excitation energy to chromophore. Considering the lifetimes of
W57 fluorescence we can estimate the efficiency of EET about
84.4%.

Since spectra and fluorescence decays of yellow states are sim-
ilar in EYFP and EYFP-F165G, we assume that maturation of the
chromophore in EYFP-F165G variant is still possible; however, its
fraction is low. Assuming that (i) the efficiency of EET in such
EYFP-F165G with mature chromophore is equivalent to that in
EYFP, (ii) the number of tryptophans and chromophores is equal
in ‘mature’ proteins, and considering the lifetimes of chro-
mophores and observed ratios of visible range to UV fluorescence,
we can estimate the fraction of EYFP-F165G with mature chro-
mophore of about 16.3%. Yield of the mature chromophore in
EYFP-R96A was below detection limit.

Examination of EYFP, EYFP-F165G and EYFP-R96A fluorescence
under 405 nm excitation revealed significant contribution of
rapidly decaying state of the chromophore with a lifetime shorter
than 50 ps to emission at around 440–480 nm (Fig. 3D–H and K).
Although this component is present in EYFP, its relative yield is
higher in mutants with low fraction of mature chromophore
(Fig. 3H). We assume that this component might be related either
to an enolate maturation intermediate [6] or the protonated form
of the mature chromophore [18,38,39]. To assess possible contri-
bution of the neutral (protonated) state of EYFP’s mature chro-
mophore (kabs ~ 400 nm) to EET from W57, we conducted similar



Fig. 3. Time-resolved emission spectra of EYFP and its mutants. Distribution of fluorescence intensity of EYFP, F165G and R96A over wavelength and time after excitation by
262 (A–C) and 405 nm (D–F) laser pulses represented as color-coded images. For all samples fluorescence intensity was normalized to fit the same logarithmic color scale
(from 1 to 100 relative units, see panel C). Characteristic spectra at 100 ps after excitation by 262 nm laser (G) and 300 ps after excitation by 405 nm (H) obtained as cross-
sections of time-resolved spectra. Spectra in (G) were normalized at 330 nm. (I) – normalized time-courses of EYFP, F165G and R96A fluorescence in the UV region. Dotted
line shows instrumental response of the detector to 150 fs laser pulse (full IRF is shown in Fig. S2). Numbers indicate characteristic lifetimes of the components. (J) –
comparison of EYFP’s chromophore kinetics obtained under direct (405 nm, blue line) and indirect (262 nm, violet line) excitation. Dotted lines show instrumental response of
the detector to corresponding light sources. Arrow indicates the difference between the moments when concentration of the excited states reaches maximal level. (K) –
normalized time-courses of EYFP, F165G and R96A fluorescence at 530 nm (solid lines) and at 460 nm (dashed lines). Dotted line shows instrumental response of the detector
to 26 ps pulse of 405 nm laser. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

N.V. Pletneva, E.G. Maksimov, E.A. Protasova et al. Computational and Structural Biotechnology Journal 19 (2021) 2950–2959
set of measurements at the higher pH (pH 9), where the fraction of
protonated chromophore is expected to be significantly lower.
While we found some decrease of tryptophan fluorescence lifetime
in EYFP-F165G (~1.6 ns at pH 9 versus ~ 1.8 ns at pH 7.4, see
Fig. S3), which well corresponds to a higher absorption of EYFP-
F165G anionic chromophore at pH 9 (Fig. S1B), its value in EYFP
remained essentially unchanged (Fig. S3L, M).

Since poor chromophore maturation could predict unsatisfac-
tory protein folding [22], we also examined the native and ther-
mally denatured EYFP and EYFP-F165G by Fourier-transform
infrared (FTIR) spectroscopy (Fig. S4). In contrast to native EYFP,
both denatured proteins as well as native F165G showed an
intense band at ~ 1675 cm�1 characteristic of a-helical and poorly
structured polypeptides (Fig. S4). These data indicate that EYFP-
F165G demonstrates the signatures of poor folding.

To better understand the structural impact of the F165G substi-
tution on the EYFP chromophore environment, and most signifi-
cantly, to reveal the structural determinants of low chromophore
maturation efficiency, we have crystallized the EYFP-F165G
mutant and determined its three dimensional structure by X-ray
method (PDB_ID 6ZQO, Supplementary: Table 1S).
3.3. The crystal structure of EYFP-F165G

In crystalline state, EYFP-F165G forms a dimer with a contact
area of ~ 2,866 Å [2] at the inter-monomer interfaces stabilized
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by ten direct H-bonds, a number of the water-mediated H-bonds,
and hydrophobic interactions (Table 2S). Dimerization in the crys-
talline state suggests a tendency of the protein to oligomerization
that is in good agreement with parental EYFP being a weak dimer
(PDB ID: 3V3D). The principal structural fold of the EYFP-F165G
monomer, shared with other members of the GFP family, is an
11-stranded b-barrel with loop caps from both sides (Fig. 4A).
Comparison of EYFP-F165G with EYFP showed a nearly identical
overall fold and a significant difference concentrated in the chro-
mophore area (Fig. 4B). A distinctive feature of the EYFP-F165G
structure is the presence of an intact chromophore forming G65-
Y66-G67 tripeptide. Modeling the intact chromophore tripeptide
in the 2Fo-Fc electron density map leaves a substantial shapeless
Fo-Fc electron density adjacent to the position of the intact tripep-
tide (Fig. 4C). Based on the absorbance and fluorescence spectra of
EYFP-F165G, the latter electron density was ascribed to mature
EYFP chromophore that resulted from classic posttranslational
modification of GYG tripeptide, comprising cyclization-dehydra
tion-oxidation steps [40]. Unfortunately, the quality of the electron
density does not permit reliable estimation of the occupancies of
intact GYG and the chromophore based on X-ray data. The fluores-
cence spectra recorded at pH 7.4 indicate the presence of 16.3% of
the mature chromophore. The crystals of EYFP-F165G were
obtained for a protein that, after 3 weeks at pH 7.4 in PBS, was
crystallized at pH 9 for two weeks. The absorbance spectra similar
to the crystallization conditions (protein being for 3 weeks at pH



Fig. 4. Crystal structure EYFP-F165G. (A) The principal structural fold of the b-barrel and the key amino acid residues. (B) Comparison of the immediate chromophore
environment by superposition of EYFP-F165G and EYFP (shown in green). (C) 2Fo-Fc electron density (blue, 1r level) and Fo-Fc omit map (green, 2r level) for the nearest
chromophore environment of the mature chromophore (brown) and intact GYG tripeptide (yellow). (D) The mutual arrangement of W57 and the chromophore. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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7.5 and 3 days at pH 9.0) do not show any appreciable increase of
the mature chromophore fraction of EYFP-F165G. Thus, to reflect
the two states of the chromophore-forming tripeptide, we set the
occupancies of intact GYG and matured chromophore as 0.85 and
0.15, based on fluorescence measurements at pH 7.4. The structure
of the mature chromophore was modeled using the coordinates of
EYFP (PDB ID: 3V3D), whereas intact GYG was directly fit in the
2Fo-Fc electron density. The Ca atom of intact Tyr66 and Ca2 atom
of the chromophore are separated by 2.6 Å. Superposition of EYFP
and EYFP-F165G structures further exposed the change in the con-
formations of R96, H181, and H148 in the immediate chromophore
environment (Fig. 4B). The change in the conformations of these
residues originates from a push by the side chain of intact Y66 that
in EYFP-F165G takes the place of the F165 side chain. For His148,
we observe two alternative conformations, the major one, corre-
sponding to the presence of intact G65-Y66-G67 tripeptide and,
the minor, corresponding to mature GYG chromophore and also
seen in EYFP. For R96 and H181, on the other hand, electron den-
sity corresponds strictly to conformations different from those
observed in EYFP. In addition to positions 96 and 222, filled with
catalytic arginine and glutamate residues, the structure revealed
a key site at position 165 near the Y66. We found this site signifi-
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cant due to the steric effect of branched residues at this position on
chromophore maturation (see Table 1).

3.4. Structure-guided mutagenesis

Structural analysis both clarified an impact of the 165th site and
allowed recognition of an important role of the 148th amino acid
position in the manifestation of the EYFP-F165G properties. In
the crystal structure, glycine at the first site is located near the
intact Y66 residue, and histidine at the second one is near the
Y66 of the mature chromophore. Based on their stereochemical
environment, we have proposed two groups of point mutations
that affect the thermodynamic equilibrium between the mature
and immature states of chromophore. (i) The first group of amino
acid substituents at site 165 included residues (A, V, H andW) with
side chain that sterically suppress the immature state in favor of a
mature one, suggesting more efficient maturation and, as a conse-
quence, an improvement of the protein’s photophysical character-
istics; (ii) The second group, represented by the serine residue at
positions 165 and 148, presumably stabilizes the immature and
mature states by H-binding to the corresponding intact and chro-
mophore Y66 residues.



Table 1
Optical and physicochemical properties of EYFP, EYFP-F165G, and the mutants designed on a basis of X-ray structure of the latter.

Fluorescent protein kex/kem, nm EC, M�1cm�1 FQY B, %* A.M.T.**, days/% T, s***

EYFP 514/526 84,000 0.61 100 1/100 1233
F165G 514/529 n/d n/d n/d n/d [2522]
F165A 514/527 124,000 0.66 160 7/10 574
F165V 515/527 123,000 0.69 164 4/6 763
F165S n/d n/d n/d n/d n/d n/d
F165H 513/526 140,000 0.8 220 4/14 619
F165W 512/526 55,500 0.32 35 7/24 482
H148S/F165H 506/524 135,000 0.73 192 1/100 908

B – relative brightness, A.M.T. – apparent maturation time in bacteria, T – maturation time for purified protein. *Relative brightness was calculated as a product of the molar
extinction coefficient and the fluorescence quantum yield, and reported relative to the brightness of EYFP.
**Apparent maturation time was determined in the course of a quantitative fluorescence analysis of bacterial colonies. We presented these data as pairs of numbers separated
by slash; first one indicates days required to reach a maximum fluorescence intensity (kem ~ 530 nm), second one shows the relative intensity (%) measured 24 h post
transformation and compared to the maximum intensity reached within the observation period.
***Determined from the fluorescence recovery kinetics (Fig. S6) after protein denaturation under reducing conditions followed by a renaturation in PBS pH 7.4 (see Materials
and Methods for details).
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To test the hypotheses mentioned, we performed site-directed
mutagenesis of the EYFP, isolated the mutants, and analyzed their
spectral characteristics in vitro (see Table 1, Fig. S5). Indeed, some
of the substitutions introduced promoted maturation by shifting
the equilibrium towards a fully mature chromophore emitting in
a yellow spectral range. The most of mutations weakly influenced
fluorescence excitation/emission maxima wavelengths (compared
to that of EYFP), all found in ~ 515/525 nm region. Mutants carry-
ing 165A, 165V and 165H substitutions showed fluorescence
brightness comparable or even higher to that of the EYFP (Table 1).
The most remarkable of them – 165H – having an extinction coef-
ficient of 140,000 M�1cm�1 and the fluorescence quantum yield of
0.8 can be included into the chart of the top-10 brightest fluores-
cent proteins ever described [34]. The effect of 165W substitution
on brightness recovery was found to be distinctly weaker, while
165S mutant appeared to be almost non-fluorescent (similarly to
its cousin, the EYFP-F165G). We suppose that introduction of bulky
W165 led to a local steric hindrance accompanied by a significant
decrease in yellow fluorescence. Most probably, the loss of matura-
tion ability in the 165S variant is due to the stabilization of the
immature chromophore state by H-bonding to intact Y66. The
H148S mutant was also found to be non-fluorescent. Moreover,
we detected its severe aggregation and precipitation upon isolation
and metal-affinity purification. One can suppose that S148 intro-
duction led to the alterations in folding of this protein variant.
We also engineered a double mutant – 148S/165H – hoping to
strengthen histidine-165 impact on the chromophore maturation
by introducing an additional H-bond to stabilize the mature chro-
mophore. The 165H/148S variant demonstrated a ~ 10 nm hyp-
sochromic shift in absorbance and fluorescence excitation
maxima and fluorescence brightness similar to that of the 165H
mutant (Table 1).

Noticeably, most of the 165th position mutants demonstrated a
significant delay in their fluorescence manifestation upon expres-
sion in bacteria compared to that of EYFP (see Table 1, ‘‘apparent
maturation time” column). Even the brightest variants (165A, V
and H) used to reach the maximum fluorescence intensity in bac-
terial colonies by only the 4th–7th day of expression. We supposed
that the reason for such behavior is the decreased chromophore
maturation rates caused by the mutations. In 148S/165H double
mutant, fluorescence in bacterial cells appeared faster than in
165H but still with some delay compared to the EYFP. Surprisingly,
the chromophore maturation measurements carried out in vitro,
upon renaturation of the isolated proteins, revealed that the vari-
ants with high intrinsic brightness showing slow fluorescence
appearance in bacteria recovered faster than the parental EYFP
(see Table 1, ‘‘maturation time” column). Therefore, we would con-
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nect the delays in a fluorescence appearance of the mutants in bac-
teria rather with peculiarities of the maturation process in a
particular E.coli strain [41], or with early stage folding complica-
tions. The latter assumption found support in fluorescence micro-
scopy imaging of EYFP-F165H expressed in mammalian cells,
where it showed a mediocre brightness (~2.5 times lower than
EYFP) when visualized 24 h post transfection (Fig. S7).
4. Discussion

In the fluorescent proteins, amino acid environment plays a cru-
cial role in the chromophore properties determination. Amino acid
residues come to proximity with the chromophore triad upon fold-
ing, and form the environment providing its accompaniment at all
life-stages, from the very maturation start to photodestruction in
light-dependent reactions. This circumstance underlies the con-
trast between fluorescent proteins and small organic fluorophores.
Although for the latter, the environment (featured by a solvent
chemical nature) can also play an essential role, it is not a matter
for designing, being often dictated by experimental conditions. In
the fluorescent proteins’ engineering, conversely, attempts to tune
and improve fluorophore characteristics are mainly connected
with the chromophore environment modification [8,42,43]. Thus,
the earliest achievements in the GFP-family development, repre-
sented by the fluorescence brightness improvement due to
changes in the chromophore ground-state protonation [8], obtain-
ing new spectral forms [44] and photoactivatable variants [45],
were associated with the modification of the chromophore envi-
ronment rather than affecting its own structure. EYFP – one of
the conventionally used fluorescent proteins – represents a nice
example of the GFP-like chromophore spectral tuning mediated
by the interaction with the neighbor Y203 residue [45–46]. Several
important studies were devoted to the role of two other residues,
R96 and E222, in the maturation, protonation state, and spectral
tuning of the GFP chromophore [12,13,47]. Here we show that a
single insertion of the different substituents at the EYFP 165th
position can give a variety of outcomes – from weakly UV-
fluorescent protein with severely impaired maturation (165G,
165S) to extremely bright variants (165H or 165H/148S) that out-
perform the original EYFP, show similar characteristics to LanYFPs
and almost twofold higher brightness than such yellow-emitting
probes as phiYFP, mCitrine, YPet [34]. Although phenylalanine-
165 was previously targeted for mutagenesis aimed at the parental
protein fluorescence alteration (for example, when creating a
FLIM-FRET acceptor REACh [48], and even studied systematically
by the saturation mutagenesis in OPT-GFP, a close EYFP homologue



N.V. Pletneva, E.G. Maksimov, E.A. Protasova et al. Computational and Structural Biotechnology Journal 19 (2021) 2950–2959
[49], 165th position mutations have never been described as dra-
matically affecting the protein characteristics. Thus, in the latter
case, F165 position was described as tolerating all mutations. Prob-
ably, Y203 makes 165th position significantly more sensitive to the
substituent residue nature.

A single replacement F165G in EYFP (chromophore forming
triad Gly65-Tyr66-Gly67) had a significant influence on the chro-
mophore maturation and spectral properties of the protein. In the
early days on GFP structural research, a vast number of works
explored similar changes arising from single point mutations of
highly conserved residues in the nearest chromophore environ-
ment and the chromophore itself. Their effect ranged from com-
plete cessation of the chromophore maturation to highly precise
change of the fluorescence corresponding to different steps of the
chromophore maturation [36,50–52]. A distinctive feature of the
EYFP-F165G structure is the presence of two species at the space
typically occupied by the chromophore. Only ~ 15% of GYG tripep-
tide matured into the chromophore, the remaining 85% of the
tripeptide remained intact. According to Barondeau et al. [40], the
driving force of the chromophore maturation is a tight-turn confor-
mation of a highly distorted central helix enforced by the rigid scaf-
fold of the protein b-barrel. Cyclization of the tripeptide shortens
alpha helix and releasing its steric strain. The structure of EYFP-
F165G revealed that the absence of the bulky side chain of F165
provides a free space for accommodation of the phenolic ring of
the intact Y66. It relaxes the kinked conformation of the central
a-helix required for maturation of the chromophore. In the absence
of the side chain of G165, the amide nitrogen of G67 is no longer
pushed to closely approach the carbonyl carbon of the residue 65
enabling a nucleophilic attack. As a result, the chromophore matu-
ration relies on a statistical probability of a favorable alignment of
the residues 67 and 65 to undergo cyclization and subsequent mat-
uration of a small fraction of the EYFP-F165G chromophore. In addi-
tion, it initiates the switching of the H148 side chain to a new
dominant orientation that in mature protein is occupied by the
hydroxyl group of the chromophore. The second less populated ori-
entation (~15%) of the H148 in EYFP-F165G, observed as the domi-
nant conformation in the EYFP precursor, favors the state of the
polypeptide chain carrying the mature chromophore.

The deficiency of the chromophore maturation in EYFP-F165G
promotes an intense fluorescence of its only tryptophan residue
(W57), which manifestation in the parental protein is ‘‘masked”
by the excitation energy transfer (EET) to the mature chromophore.
Such nonradiative intra-protein energy transfer system could have
been an important evolutionary advantage for the marine animals
naturally expressing fluorescent proteins. Indeed, UV-violet sun-
light component appropriate for tryptophan excitation can pene-
trate ocean water as deep as 40 m [53–54], thus providing a
natural way to recruit protein fluorescence for intragroup commu-
nication, prey attraction, predator repelling, and other biological
functions. However, in terms of the biological photosensitivity tryp-
tophan fluorescence itself is suboptimal in both spectral range and
intensity. One might suppose that the animals which elaborated
protein variants with the UV excitation and FRET-based emission
in the visible range got a sufficient advantage in a natural selection.
5. Conclusions

Here, we presented the results of spectroscopy, biochemical
and X-ray studies of the gene-engineered variant EYFP-F165G
(chromophore forming triad G65-Y66-G67) demonstrating multi-
ple fluorescent states (minor ones in yellow and blue, and a
major – in UV-violet spectral region) resulting from the compet-
ing routes of post-translational modification. Time-resolved fluo-
rescence spectroscopy allowed connecting EYFP-F165G UV-violet
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emission with an impaired chromophore maturation and
attributing it to a fluorescence of own tryptophan residue
(W57). In the parental EYFP, tryptophan fluorescence was shown
to be quenched significantly by an excitation energy transfer
(EET) to the mature chromophore reaching an efficiency
of ~ 85%. In turn, the minor (~15%) yellow fluorescent form of
the EYFP-F165G, being examined in both steady-state and
time-resolved modes, displayed a typical behavior of the mature
anionic EYFP chromophore. The nature of the blue fluorescent
state remained unclear.

The crystal structure revealed two main structural states of the
protein – the major one, with an intact polypeptide chain and the
minor one, with a mature chromophore. Site 165 adjacent to intact
Y66 was found to be one of the most critical in the post-
translational process through its proposed steric effect on the acti-
vation barrier of the reaction. Modification of this site has been
shown to have a significant stereochemical effect on the spectral
properties of the protein. Mutations G165A/V/H resulted in com-
plete restoration of yellow fluorescence with brightness compara-
ble or even higher than that of the parental protein EYFP. The
brightness of the most successful variant of the EYFP-F165H
exceeded that of the EYFP by ~2.2 times.
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