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Abstract: The mRubyFT is a monomeric genetically encoded fluorescent timer based on the mRuby2
fluorescent protein, which is characterized by the complete maturation of the blue form with the
subsequent conversion to the red one. It has higher brightness in mammalian cells and higher
photostability compared with other fluorescent timers. A high-resolution structure is a known
characteristic of the mRubyFT with the red form chromophore, but structural details of its blue
form remain obscure. In order to obtain insight into this, we obtained an S148I variant of the
mRubyFT (mRubyFTS148I) with the blocked over time blue form of the chromophore. X-ray data at a
1.8 Å resolution allowed us to propose a chromophore conformation and its interactions with the
neighboring residues. The imidazolidinone moiety of the chromophore is completely matured, being
a conjugated π-system. The methine bridge is not oxidized in the blue form bringing flexibility to
the phenolic moiety that manifests itself in poor electron density. Integration of these data with the
results of molecular dynamic simulation disclosed that the OH group of the phenolic moiety forms
a hydrogen bond with the side chain of the T163 residue. A detailed comparison of mRubyFTS148I

with other available structures of the blue form of fluorescent proteins, Blue102 and mTagBFP,
revealed a number of characteristic differences. Molecular dynamic simulations with the combined
quantum mechanic/molecular mechanic potentials demonstrated that the blue form exists in two
protonation states, anion and zwitterion, both sharing enolate tautomeric forms of the C=C–O−

fragment. These two forms have similar excitation energies, as evaluated by calculations. Finally,
excited state molecular dynamic simulations showed that excitation of the chromophore in both
protonation states leads to the same anionic fluorescent state. The data obtained shed light on the
structural features and spectral properties of the blue form of the mRubyFT timer.

Keywords: mRubyFT; mRuby; blue chromophore; fluorescent protein; cell timer; crystal structure;
fluorescent timer; molecular modeling

1. Introduction

Blue-to-red fluorescent timers (FTs) change their fluorescence color from blue to red
during maturation [1–3]. Monomeric blue-to-red fluorescent timers Fast-FT [2], mRubyFT [3]
and mTagFT [1] have been developed from the mCherry, mRuby2 and TagRFP red fluores-
cent proteins, respectively, and the corresponding mechanism of timer maturation with the
formation of a red chromophore through its blue form has been proposed. To date, these
are the only true timers, as others, pseudo-timers, have a mixture of different fluorescent
forms, which mature independently and simultaneously [2,3]. True timers were used for
the visualization of the LAMP2A protein trafficking and activation of the promoters [1], the
labeling of the engram neuronal populations involved in two episodes of learning [1,4], the
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visualization of protein–protein interactions and the transitions between the phases of the
cell cycle using the FucciFT2 system [1].

Structural data were obtained for the Fast-FT [5], mTagFT [1] and mRubyFT [3,6] timers.
The spatial structure of the Fast-FT timer with a chemically degraded red chromophore was
elucidated at a 1.8 Å resolution [5], which revealed the key role of R70, Y83 residues and
the phenolic moiety of the chromophore in blue-to-red conversion. There was no electron
density for the tyrosine ring of the red chromophore of the mTagFT timer, but information
about the imidazolinone and acylimine part of the red chromophore was present and
analysis of the chromophore’s immediate surroundings assisted in the understanding of its
role in the adjustment of the spectral properties, maturation rates and stability of the blue
form of the mTagFT timer [1]. The X-ray structure of the red form of the mRubyFT timer
was obtained with the highest resolution for this type of timer and contained complete
information about the red chromophore structure in its cis-configuration [3]. However, to
date, information about the structure of the blue form of this timer has been obscured.

According to experimental and computational studies, chromophore maturation in
fluorescent proteins occurs in three steps: cyclization, dehydration and oxidation. After the
dehydration step, an intermediate with the imidazolidinone ring and a reduced methine
bridge is formed [7–13]. Still, it is not clear which particular protonation state of the
chromophore intermediate exists as it is surrounded by two charged residues, E220 and
R97 (Figure 1). Protonation states cannot be revealed directly from the X-ray data as this
method does not resolve the positions of hydrogen atoms at a resolution worse than 1 Å,
but they can be determined from molecular modeling.
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Figure 1. (A) Equilibrium between two protonation states, anionic and zwitterionic, of the eno-
late reaction intermediate obtained during the chromophore maturation after the dehydration step.
(B) Distributions of the N . . . H and O . . . H distances of the hydrogen bonds between the chro-
mophore and E220 (shown on panel (A)) obtained in the QM/MM MD trajectory.

Herein, we used a combination of conventional X-ray analysis and molecular modeling
to study the structural details of the chromophore and its environment in the blue form
of the mRubyFT timer. For this purpose, we constructed the S148I point mutant of the
mRubyFT (here and after—mRubyFTS148I), which stabilizes the timer in its blue state over
time. Structural analysis revealed that mRubyFTS148I has a clear electron density for the
majority of the protein. Still, this structure solved at 1.8 Å resolution revealed a lack of
electron density for the phenolic moiety of the chromophore. We, however, were able to
trace one conformation of this group with partial occupancy, which is somewhat similar
to those found in the blue FP—mTagBFP [14]. A detailed analysis of the chromophore
environment and its comparison with two related structurally characterized blue FPs—
Blue102 and mTagBFP—revealed a number of characteristic differences. Finally, molecular
dynamic simulation with classical and combined quantum mechanic/molecular mechanic
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(QM/MM) potentials complemented with the electron density analysis allowed us to detail
the conformation of the chromophore phenyl moiety, determine the protonation state of
the blue chromophore in the ground state and excited state minima regions.

2. Results and Discussion

2.1. mRubyFTS148I Overall Structure and Chromophore Environment

The crystal structure of mRubyFTS148I was elucidated using an X-ray crystallography
method at 1.8 Å resolution (Figure 2A). There is one protein molecule per asymmetric unit,
and contact analysis revealed that the protein is a monomer in the crystal. Introduced
mutations did not alter the typical β-barrel fold of the protein. The chromophore positioned
on the central helix of the barrel is formed by 68LYG70 amino acids (Figure 2A,B).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 14 
 

 

electron density for the phenolic moiety of the chromophore. We, however, were able to 
trace one conformation of this group with partial occupancy, which is somewhat similar 
to those found in the blue FP—mTagBFP [14]. A detailed analysis of the chromophore 
environment and its comparison with two related structurally characterized blue FPs—
Blue102 and mTagBFP—revealed a number of characteristic differences. Finally, 
molecular dynamic simulation with classical and combined quantum mechanic/molecular 
mechanic (QM/MM) potentials complemented with the electron density analysis allowed 
us to detail the conformation of the chromophore phenyl moiety, determine the 
protonation state of the blue chromophore in the ground state and excited state minima 
regions. 

2. Results and Discussion 
2.1. mRubyFTS148I Overall Structure and Chromophore Environment 

The crystal structure of mRubyFTS148I was elucidated using an X-ray crystallography 
method at 1.8 Å resolution (Figure 2A). There is one protein molecule per asymmetric 
unit, and contact analysis revealed that the protein is a monomer in the crystal. Introduced 
mutations did not alter the typical β-barrel fold of the protein. The chromophore 
positioned on the central helix of the barrel is formed by 68LYG70 amino acids (Figure 
2A,B). 

 
Figure 2. mRubyFTS148I overall structure. (A) mRubyFTS148I monomer colored in accordance with 
secondary structure. Chromophore is depicted in magenta. (B) Polder map at 3σ threshold around 
the chromophore calculated with Phenix [15]. Top (left) and side (right) views are depicted. (C) 
Chromophore and its immediate environment based on X-ray data: blue for hydrogen bonds with 
the chromophore, green for hydrophobic interactions with the chromophore and violet for 
hydrogen bonds in the chromophore-containing pocket. 

The chromophore is covalently bound to the neighboring F67 and S71 residues. Its 
imidazolidinone moiety is restricted on one side by the carboxyl oxygen of T65 and is 
additionally fixed by hydrogen bonds with R72, R97 and E220 (Figure 2C). The 
chromophore has a clear electron density except for its phenolic moiety, where density is 
poor (Figure 2B). This fact obstructed the unequivocal fit of the chromophore’s phenyl 
moiety, assuming the absence of its single conformation in all unit cells of the crystal. 
However, based on the density blob nearby (Figure 2B), at least one of the conformations 
can be modeled with partial occupancy, which is to some extent similar to the trans 

Figure 2. mRubyFTS148I overall structure. (A) mRubyFTS148I monomer colored in accordance with
secondary structure. Chromophore is depicted in magenta. (B) Polder map at 3σ threshold around
the chromophore calculated with Phenix [15]. Top (left) and side (right) views are depicted. (C) Chro-
mophore and its immediate environment based on X-ray data: blue for hydrogen bonds with the
chromophore, green for hydrophobic interactions with the chromophore and violet for hydrogen
bonds in the chromophore-containing pocket.

The chromophore is covalently bound to the neighboring F67 and S71 residues. Its
imidazolidinone moiety is restricted on one side by the carboxyl oxygen of T65 and is addi-
tionally fixed by hydrogen bonds with R72, R97 and E220 (Figure 2C). The chromophore
has a clear electron density except for its phenolic moiety, where density is poor (Figure 2B).
This fact obstructed the unequivocal fit of the chromophore’s phenyl moiety, assuming the
absence of its single conformation in all unit cells of the crystal. However, based on the
density blob nearby (Figure 2B), at least one of the conformations can be modeled with
partial occupancy, which is to some extent similar to the trans conformation found in the
parent red protein, mRuby (PDB ID: 3U0L) [16]. In this conformation, the phenyl oxygen
of the chromophore is directly hydrogen bound to the side chain of T163 as well as to
E150 and T181 via a solvent water molecule. The overall structure of the imidazolidinone
ring seems to be planar, suggesting that the conjugated π-system is formed. At the same
time, the poor electron density of the phenyl moiety suggests that it could be flexible as
the oxidation of the methine bridge did not occur. A poor electron density for the phenyl
moiety of the chromophore is not unique and was found in some other FP structures,
including mTagFT [1], mRubyFTS148F [6] and GFPsol, a chemically reduced form of the
GFP [7], where this fact was interpreted as a couple of conformations of the phenolic moiety.
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The side chain of the I148 residue in mRubyFTS148I has a clear electron density, with
its side chain oriented towards the chromophore. Moreover, compared to the parental
protein mRuby (corresponding residue H148), in mRubyFTS148I, isoleucine is shifted 1.3 Å
closer (distance between Cα-atoms of corresponding residues) to the chromophore. This
shift in the orientation of the I148 side chain hampers the rotation of the phenolic moiety
of the chromophore to a cis conformation and restricts it from being coplanar with the
imidazolidinone moiety. Instead, the angle between planes of phenolic and imidazolidinone
rings is about 140◦ (Figure 2B).

2.2. Comparison with Blue102—A Blue Form of Fluorescent Timer Fast-FT

A number of blue FPs (BFP) have been described to date [14,17–19] as well as fluores-
cent timers that change their color from blue to red upon maturation [1–3,5]. A monomeric
fluorescent timer, Fast-FT, made from mCherry FP, was previously structurally charac-
terized together with its blue variant (Blue102, PDB ID—3LF4) with blocked blue-to-red
conversion [5]. In addition, a similar orientation of a conserved R97, which fixes imida-
zolidinone carbonyl via a hydrogen bond, a structural comparison of mRubyFTS148I and
Blue102 revealed some important differences in the structure of the chromophore and its
environment (Figure 3A). Firstly, in contrast to the degraded chromophore in Blue102,
in mRubyFTS148I, there is a covalent bond between the imidazole and leucine moieties
of the chromophore, indicating its stability in a crystal. In both structures, the phenolic
moiety of the chromophore is non-coplanar to the imidazolic one and has a single CA2-CB2
bond based on a small valence angle; however, the positions of tyrosine moieties differ
(Figure 3A). Compared to Blue102, in mRubyFTS148I, the phenolic moiety seems to be
flipped about the CB2 atom, which leads to the reorientation of this group towards R72,
whose side chain introduces steric hindrances to a phenolic moiety of the chromophore,
restricting its rotation around the CB2-CG2 bond. In mRubyFTS148I, side chains of M165
(Q163 in Blue102) and F179 (V177) extrude the phenolic moiety from the orientation found
in Blue102. Moreover, in mRubyFTS148I, the side chain oxygens of T163 (I161) and T181
(T179) make hydrogen bonds to the OH group of the chromophore, additionally fixing the
phenolic moiety orientation.

The R72 side chain of mRubyFTS148I has only one conformation, whose guanidine
part is almost perpendicular to those of both conformations of the corresponding R70 of
Blue102. Despite that, in both structures, these residues share a similar hydrogen bonding
network to imidazolon oxygen as well as to the OH-group of Y183 (Y181) and the side
chain of E150 (E148).

Finally, the side chain of E220 in mRubyFTS148I forms a relatively weak hydrogen bond
to imidazolidinone nitrogen of the chromophore (corresponding distance is 3.2 Å) due to
the rotation of the former at about 90◦ compared to the corresponding E215 in Blue102,
where this bond is stronger (distance is 2.4 Å) due to the rotated side chain. The E220
side chain also lacks a direct hydrogen bond to S222 (A217), while in the Fast-FT timer,
similar residues (E215 and S217) interact via a hydrogen bond. However, in Blue102, this
interaction is also absent due to the substitution of the corresponding serine for alanine.

2.3. Comparison with mTagBFP

In addition to Blue102, the second known structure of blue FP with identical residues
forming chromophores is mTagBFP (PDB ID—3M24) [20]. We compared the structure
of mTagBFP with mRubyFTS148I. In mTagBFP, the chromophore also occupies a trans
conformation (Figure 3B) with the imidazolidinone moiety of the chromophores sharing a
similar coordination via hydrogen bonds to E220 (E215 in mTagBFP) and R72 (K67) and the
OH group forming a hydrogen bond with the side chain of T163 (N158). The chromophore
conformation differs between these two structures, with a rotation around the C1-N3 bond
at about 20°accompanied by a shift of the chromophore towards the R72 (K67) residue
up to 1.4 Å (distance between corresponding CB2 atoms). Finally, the phenolic moiety
of the mRubyFTS148I chromophore is rotated at about 50°compared to those in mTagBFP.
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Three substitutions in the vicinity of the phenolic moiety seem to be the cause of such
chromophore reorientation in the case of mRubyFTS148I. These are I148 (F143 in mTagBFP),
F179 (I174) and R72 (K67), which sterically restrict the position and orientation of the
phenolic moiety (Figure 3B). Another difference between structures is the conformation
of the leucine moiety, which is a part of the chromophore. Compared to mTagBFP, in
mRubyFTS148I, this moiety is rotated at about 90◦ and resembles that in the structure of
Blue102. The other important residues for chromophore maturation residues—S71 (S66),
Q111 (Q106) and E220 (E215)—have similar conformations in both proteins.
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2.4. Structure and Protonation State of the Chromophore in the mRubyFTS148I

We started with classical MD simulations to properly locate the phenyl moiety of the
chromophore. Its conformation, reconstructed based on the X-ray data, remained stable
during the entire simulation: the stable hydrogen bond between the OH groups of the
phenyl fragment of the chromophore and T163 remained. The representative frame from
the MD simulation was utilized in the following QM(PBE0-D3/6-31G**)/MM(CHARMM)
MD simulations to study in detail the properties of the imidazolidinone fragment that is
responsible for the photophysical properties of the blue form of mRubyFTS148I.

The first issue to be considered is the protonation state of the imidazolidinone moiety
(Figure 1A). Its carbonyl oxygen atom forms hydrogen bonds as an acceptor with the side
chain of R97. A nitrogen atom of the imidazolidinone moiety located on the hydrogen
bond distance from the carboxylate of the E220 and a proton should be present between
these two atoms. Still, it is not evident which of these heteroatoms acts as a donor and
which as an acceptor of the hydrogen bond. To clarify this, we started the QM/MM MD
simulation of the structure with the hydrogen atom at a covalent bond distance from the
nitrogen atom of the chromophore. During the 10 ps production run, the equilibrium
between the N–H . . . O (zwitterionic chromophore) and N . . . H–O (anionic chromophore)
states of the hydrogen bond between the chromophore and E220 was observed (Figure 1).
The corresponding distributions of N . . . H and O . . . H distances revealed that both
conformations are almost equally populated (Figure 1B). The distance between heavy
atoms, N and O, is short during the entire simulation, not exceeding 2.90 Å; it is described
by a normal distribution with a mean value of 2.58 Å and 0.08 Å standard deviation. Thus,
the hydrogen bond between the chromophore nitrogen atom and E220 is strong, and its
existence in both the N–H . . . O and N . . . H–O states indicates that the pKa values of the
nitrogen atom in a blue chromophore and the carboxylate oxygen of the E220 residue are
similar. In fluorescent proteins with a completely matured chromophore, this hydrogen
bond exists in the N . . . H–O state [21,22]. Therefore, we can deduce that in the matured
chromophore the nitrogen atom is more acidic.

To further study the chemical structure of the chromophore in both protonation
states, we performed an electron density analysis, including Laplacian bond order (LBO)
determination and ellipticity analysis along the covalent bonds (Figures 4 and 5). Despite
the different protonation states of the imidazolidinone moiety, the O−–C=C fragment
exists in the enolate form that is seen from both LBO indices (Figures 4C and 5C) and
ellipticity calculated along the corresponding covalent bonds (Figures 4B and 5B). Ellipticity
curves along the neighboring C–N bond differ depending on the protonation state of the
chromophore (Figures 4D and 5D). For the chromophore in the anionic form (Figure 4D),
the ellipticity curves demonstrated a higher concentration of the negative charge on the
carbon atoms; that is, C–N bonds are polarized to a higher extent. For the neutral species,
the polarization is less pronounced and the bond order is generally higher, as seen from the
flat region between the nitrogen and carbon atoms, with the ellipticity being around 0.2 a.u.

2.5. Photophysical Properties of the Chromophore: Experiment and Calculations

We studied the photophysical properties of mRubyFTS148I including the absorption,
excitation and emission spectra (Figure 6A). The absorption/excitation/emission band
maxima at 407/410/460 nm are within a 3 nm difference from the blue form of the mRubyFT
timer, indicating that the S148I substitution practically did not affect the photophysical
properties of the blue chromophore but blocked the transition into the red form.



Int. J. Mol. Sci. 2023, 24, 7906 7 of 13
Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 4. Structure and electron density features of the anionic imidazolidinone moiety of the 
mRubyFTS148I chromophore. (A) Chemical structure of the chromophore revealed from the electron 
density analysis. Mean distances and standard deviations obtained in the QM/MM MD trajectory 
are in Å. (B,D) Ellipticity curves along covalent bonds from the imidazolidinone moiety depicted 
for 50 QM/MM MD frames. (C) Distributions of the Laplacian bond order values. For colors 
attributed to certain bonds on panels (B–D) see arrow colors on panel (A). 

 
Figure 5. Structure and electron density features of the zwitterionic imidazolidinone moiety of the 
mRubyFTS148I chromophore. (A) Chemical structure of the chromophore revealed from the electron 
density analysis. Mean distances and standard deviations obtained in the QM/MM MD trajectory 
are in Å. (B,D) Ellipticity curves along covalent bonds from the imidazolidinone moiety depicted 
for 50 QM/MM MD frames. (C) Distributions of the Laplacian bond order values. For colors 
attributed to certain bonds on panels (B–D) see arrow colors on panel (A). 

  

Figure 4. Structure and electron density features of the anionic imidazolidinone moiety of the
mRubyFTS148I chromophore. (A) Chemical structure of the chromophore revealed from the electron
density analysis. Mean distances and standard deviations obtained in the QM/MM MD trajectory
are in Å. (B,D) Ellipticity curves along covalent bonds from the imidazolidinone moiety depicted for
50 QM/MM MD frames. (C) Distributions of the Laplacian bond order values. For colors attributed
to certain bonds on panels (B–D) see arrow colors on panel (A).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 4. Structure and electron density features of the anionic imidazolidinone moiety of the 
mRubyFTS148I chromophore. (A) Chemical structure of the chromophore revealed from the electron 
density analysis. Mean distances and standard deviations obtained in the QM/MM MD trajectory 
are in Å. (B,D) Ellipticity curves along covalent bonds from the imidazolidinone moiety depicted 
for 50 QM/MM MD frames. (C) Distributions of the Laplacian bond order values. For colors 
attributed to certain bonds on panels (B–D) see arrow colors on panel (A). 

 
Figure 5. Structure and electron density features of the zwitterionic imidazolidinone moiety of the 
mRubyFTS148I chromophore. (A) Chemical structure of the chromophore revealed from the electron 
density analysis. Mean distances and standard deviations obtained in the QM/MM MD trajectory 
are in Å. (B,D) Ellipticity curves along covalent bonds from the imidazolidinone moiety depicted 
for 50 QM/MM MD frames. (C) Distributions of the Laplacian bond order values. For colors 
attributed to certain bonds on panels (B–D) see arrow colors on panel (A). 

  

Figure 5. Structure and electron density features of the zwitterionic imidazolidinone moiety of the
mRubyFTS148I chromophore. (A) Chemical structure of the chromophore revealed from the electron
density analysis. Mean distances and standard deviations obtained in the QM/MM MD trajectory
are in Å. (B,D) Ellipticity curves along covalent bonds from the imidazolidinone moiety depicted for
50 QM/MM MD frames. (C) Distributions of the Laplacian bond order values. For colors attributed
to certain bonds on panels (B–D) see arrow colors on panel (A).
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Figure 6. (A) Absorption, excitation and emission spectra of the mRubyS148I. (B,C) Electron density
redistribution upon excitation from the S0 state to the S1 state. Blue and magenta isosurfaces
correspond to the decrease and increase in electron density upon excitation, respectively. The
isovalues are +/–0.0065 a.u. (B) A chromophore in the zwitterionic state; (C) a chromophore in the
anionic state. Color code: carbon—green; nitrogen—blue; oxygen—red; hydrogen—white; carbon
atoms on the border of the depicted molecular fragment—pink.

The QM(TD-ωB97X-D3/6-31G**)/MM(CHARMM) calculations were performed to
evaluate S0–S1 excitation energies at 100 QM(PBE0-D3/6-31G**)/MM(CHARMM) MD
frames for each protonation state of the chromophore. We obtained distributions of the
excitation energies with similar mean values: 4.05 ± 0.09 eV for the chromophore in the
anionic state and 3.94 ± 0.13 eV for the zwitterionic state. The calculated electron density
redistribution is the same for a chromophore in both protonation states (Figure 6B,C). It
is characterized by the decrease in the electron density on the carbon atom of the enolate
fragment and an increase in the nitrogen atom and the extended conjugated π-system
outside of the imidazolidinone ring. This is in line with the electron density redistribu-
tion upon excitation for the GFP-type chromophore and its analogs with the extended
π-system [23,24]. Thus, both protonation states of the chromophore may contribute to the
observed absorption band.

We extracted representative frames corresponding to both protonation states of the
chromophore and performed the QM(TD-ωB97X-D3/6-31G**)/MM(CHARMM) MD simu-
lation at the first excited singlet state, S1. After ~300 fs of simulation, we achieved an S1
minimum region that turned out to be anionic for both systems. Thus, in both populations
with different protonation states of the chromophore, the anionic state is responsible for
the fluorescence.

3. Material and Methods

3.1. mRubyFTS148I Cloning, Expression and Purification

The preparative mRubyFTS148I protein expression and purification for structural stud-
ies were performed as described earlier [1]. Briefly, the gene of the mRubyFTS148I protein
was amplified via PCR and inserted at BglII/EcoRI restriction sites of the pBAD/HisB-
TEV plasmid. The plasmid was transformed into BW25113 bacterial cells using chemical
transformation. The overnight cultures with bacterial cells expressing the mRubyFTS148I

with the N-terminal His-tag and tobacco etch virus (TEV) protease cleavage site were
centrifuged for 20 min at 5000 rpm at 4 ◦C (Beckman Coulter centrifuge, Brea, CA, USA).
The pellet was then resuspended in 100 mL of buffer A (40 mM Tris-HCl, pH 7.8, containing
400 mM NaCl and 10 mM imidazole), supplemented with 0.2% Triton X-100 and 1 mM
phenylmethylsulfonyl fluoride, and sonicated using the following conditions: pulse 2 s,
pause 6 s, amplitude 45%, total time 5 min. After centrifugation for 30 min at 28,000× g,
at 4 ◦C (Beckman Coulter centrifuge, Brea, CA, USA), the supernatant was loaded onto
a 5 mL Ni-NTA Superflow column (Qiagen, Hilden, Germany). Successive washes were
then performed with buffer A and buffer A supplemented with 40 mM imidazole. Protein
was eluted with buffer A supplemented with 300 mM imidazole. After the addition of
1 mM DTT and 1 mM EDTA, the His-tag was cleaved from the protein using digestion
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with TEV protease (1 mg per 10 mg of protein); the digest was dialyzed for 16 h in buffer B
(40 mM Tris, pH 7.8, 400 mM NaCl, 5 mM imidazole, 2 mM BME, 1 mM EDTA) at +4 ◦C.
The digested protein was then loaded onto a Ni-NTA Superflow column (Qiagen, EU)
equilibrated with buffer B; TEV protease and cleaved His-tag were bound to the Ni-NTA
Superflow column (Qiagen, EU), the fused protein was concentrated using a 10 kDa cutoff
concentrator (Millipore, Burlington, MA, USA) and loaded onto a HiTrap Desalting column
(GE Healthcare, Danderyd, Sweden) in 50 mM Na-phosphate buffer. The protein was
further purified using a MonoS column (GE Healthcare, Danderyd, Sweden) equilibrated
with 50 mM phosphate buffer at pH 7.0. Protein was eluted using a linear gradient of NaCl
concentration. The fractions containing the target protein were combined, concentrated
using 10 kDa cutoff concentrators (Millipore, Burlington, MA, USA) and transferred to
20 mM Tris buffer pH 8.0, 150 mM NaCl on a PD-10 column (GE Healthcare, Danderyd,
Sweden). Protein concentration was then measured by the Bicinchoninic Acid Protein Assay
Kit (Sigma-Aldrich, Saint Louis, MO, USA). P0914-5AMP solution (Sigma-Aldrich, Saint
Louis, MO, USA) was used as the BSA protein standard. The purity of the preparations
at all stages was monitored by electrophoresis in PAGE (gel concentration 15%). Protein
chromatography was performed using ÄKTA prime plus and ÄKTA explorer 100 systems
(GE Healthcare, Danderid, Sweden).

3.2. Spectral Characterization

Absorption and fluorescence spectra of the protein were recorded using an SM2203
spectrofluorometer (Solar, Minsk, Belarus) and a NanoDrop 2000c spectrophotometer
(Thermo Scientific, Waltham, MA, USA), respectively.

3.3. Crystallization and Structure Determination of mRubyFTS148I

An initial crystallization screening of mRubyFTS138I was performed with a robotic
crystallization system (Rigaku, USA) and commercially available 96-well crystallization
screens (Hampton Research, Aliso Viejo, CA, USA and Anatrace, Maumee, OH, USA)
at 15 ◦C using the sitting drop vapor diffusion method. The protein concentration was
15 mg/mL in the following buffer: 20 mM Tris-HCl, 200 mM NaCl, pH 7.5. Optimization
of the initial conditions was performed by the hanging-drop vapor-diffusion method in
24-well VDX plates. Crystals suitable for data collection were obtained under the following
conditions: 0.1 M Bis-tris pH 5.5, 19% PEG 3350.

mRubyFTS148I crystals were briefly soaked in 100% Paratone oil (Hampton research,
Aliso Viejo, CA, USA) immediately prior to diffraction data collection and flash-frozen in
liquid nitrogen. The X-ray data were collected from a single crystal at 100 K at the beamline
“Belok-RSA” of the Kurchatov SNC (Moscow, Russia). The data were indexed, integrated
and scaled using Dials program [25] (Table 1). The program Pointless [26] suggested
orthorhombic space group P212121.

The structure was solved by the molecular replacement method using MOLREP
program [27] and the structure of the mRuby FP (PDB ID 3U0L) as an initial model.
The refinement of the structure was carried out using Refmac5 [28] and BUSTER [29],
implemented in the CCP4 suite [30]. The visual inspection of electron density maps and
the manual rebuilding of the model were carried out using the COOT interactive graphics
program [31]. The resolution was successively increased to 1.8 Å and the hydrogen atoms
in fixed positions and TLS were introduced during the final refinement cycles. In the final
model, an asymmetric unit contained one independent copy of the protein of 224 residues,
including the chromophore and 76 water molecules. The first two residues from the N-
terminal as well as ten residues from the C-terminal part of the protein were not visible in
electron density, possibly due to high flexibility. Structure validation revealed that 97.2%
of residues are in the most favored regions of Ramachandran plot with additional 2.8% in
allowed regions, indicating non-strained geometry.
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Table 1. Data collection, processing and refinement.

Data Collection

Diffraction source ”Belok-RSA“ beamline, NRC “Kurchatov
Institute”

Wavelength (Å) 0.79
Temperature (K) 100
Detector CCD
Crystal-to-detector distance (mm) 120.00
Rotation range per image (◦) 1.0
Total rotation range (◦) 130
Space group P212121
a, b, c (Å) 31.79; 66.83; 97.76
α, β, γ (◦) 90.0; 90.0; 90.0
Unique reflections 19640 (1116)

Resolution range (Å)
48.9–1.80

(1.84–1.80)
Completeness (%) 98.2 (96.7)
Average redundancy 4.9 (5.2)
〈I/σ(I)〉 6.1 (0.2)
Rmeas (%) 9.0 (133.0)
CC1/2 100.0 (51.0)

Refinement

Rfact (%) 22.7
Rfree.(%) 26.8
Bonds (Å) 0.01
Angles (◦) 2.04
Ramachandran plot
Most favored (%) 97.2
Allowed (%) 2.8
No. atoms
Protein 1741
Water 76
Chromophore 23
Other ligands 0
B-factors (Å2)
Protein 29.5
Water 37.1
Chromophore 38.8
PDB ID 7Q6B

Values in parenthesis are for the highest-resolution shell.

3.4. Structural Analysis

Structural analysis was performed using PDBePISA [32] and PDBeFOLD [33] services.
Figures were made with PyMol (The PyMOL Molecular Graphics System, Version 1.3
Schrödinger, LLC, New York, NY, USA).

3.5. Molecular Modeling

The full-atom 3D model of mRubyFTS147I was obtained from the elucidated crystal
structure. The CHARMM36 [34,35] force field parameters were utilized for protein and
the CGenFF [36] force field parameters for the chromophore. The system was solvated in
the rectangular water box with the TIP3P [37] water molecules and neutralized. Classical
molecular dynamic simulations were performed in the NAMD3 software package [38].
The system was preliminarily equilibrated by 10,000 minimization steps and 50 ns MD
run in the NPT ensemble at p = 1 atm and T = 300 K. The pressure and temperature were
controlled by Nosé–Hoover barostat and Langevin thermostat, respectively. Equilibrated
system was utilized for the subsequent molecular dynamics simulations with the combined
quantum mechanics/molecular mechanics potentials. The MM subsystem was described
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with the classical force fields described above, and the QM subsystem was described at the
density functional theory (DFT) level with the hybrid functional PBE0 [39] with the D3 [40]
dispersion correction and 6-31G** basis set. The QM subsystem included the chromophore
and side chains of the neighboring residues, R72, R97, E150, T163, H202, E220 and two water
molecules. The 10 ps equilibration QM/MM MD run was followed by the 10 ps production
run. The QM/MM MD simulations were performed using the interface [41] for the classical
molecular dynamics software NAMD2 and the quantum chemistry package TeraChem [42].
Two protonation states of the chromophore were found along the trajectories. We selected
sets of 100 frames for each state and performed electron density analysis using Multiwfn
program [43]. Laplacian bond order (LBO) indices [44] were calculated at each frame for
the imidazolidinone fragment. Ellipticity [45] profiles were calculated along covalent bonds
of the same fragment of the chromophore. For these frames, we also calculate vertical S0–S1
excitation energies at the TDDFT level with theωB97X-D3 functional [46] and 6-31G** basis
set using ORCA 4.2.1 software [47]. Additional QM(TD-ωB97X-D3/6-31G**)/MM MD
simulations at the S1 state were performed starting from both conformations to locate the
S1 minimum region corresponding to the fluorescence.

4. Conclusions

We utilized a combination of structural and computational biology methods for a
comprehensive study of the S148I variant of the mRubyFT blocked in its intermediate
maturation state with the blue form of the chromophore. X-ray data at a 1.8 Å resolution
revealed that the methine bridge of the chromophore is not oxidized in this state, thus
bringing conformational flexibility to the phenolic moiety of the chromophore, which was
deduced from the poor electron density. Molecular dynamic simulations demonstrated
that in the most populated conformation, the phenolic moiety is fixed by the hydrogen
bond with the side chain of the T163 residue. Additionally, QM/MM MD simulations
showed that the chromophore exists in the enolate tautomeric state and that the equilibrium
between two protonation states with respect to the nitrogen atom of the imidazolidinone
ring exists. Both of these states have similar calculated S0–S1 vertical excitation energy
values and can be attributed to the excitation band maximum at 410 nm. Excited-state
molecular dynamics demonstrated that excitation of the chromophore in both protonation
states leads to the same anionic fluorescent state observed in the experimental fluorescence
spectrum, with the band maximum at 460 nm.
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