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Abstract

Understanding the chromophore maturation process in fluorescent proteins is important for the
design of proteins with improved properties. Here, we present the results of electronic structure
calculations identifying the nature of a blue intermediate, a key species in the process of the red
chromophore formation in DsRed, TagRFP, fluorescent timers, and PAmCherry. The
chromophore of the blue intermediate has a structure in which the z-system of the imidazole ring
is extended by the acylimine bond, which can be represented by the model N-[(5-hydroxy-1H-
imidazole-2yl)methylidene]acetamide (HIMA) compound. Ab initio and QM/MM calculations of
the isolated model and protein-bound (mTagBFP) chromophores identify the anionic form of
HIMA as the only structure that has absorption which is consistent with the experiment and is
stable in the protein binding pocket. The anion and zwitterion are the only protonation forms of
HIMA whose absorption (421 and 414 nm, or 2.95 and 3.00 eV) matches the experimental
spectrum of the blue form in DsRed (the absorption maximum is 408 nm or 3.04 eV) and
mTagBFP (400 nm or 3.10 eV). The QM/MM optimization of the protein-bound anionic form
results in a structure which is close to the X-ray one, whereas the zwitter-ionic chromophore is
unstable in the protein binding pocket and undergoes prompt proton transfer. The computed
excitation energy of the protein-bound anionic form of mTagBFP-like chromophore (3.04 eV)
agrees with the experimental absorption spectrum of the protein. The DsRed-like chromophore
formation in red fluorescent proteins is revisited on the basis of ab initio results and verified by
directed mutagenesis revealing a key role of the amino acid residue 70, which is the second after
the chromophore tripeptide, in the formation process.

1 Introduction

Among fluorescent proteins (FPs) used as genetically encoded fluorescent tags, the red-
emitting FPs (RFPs) are of particular importance as suitable markers for mammalian deep
tissue imaging.! Photoactivatable RFPs are also valuable in super-resolution microscopy,
e.g., fluorescence photoactivation localization microscopy.2 Most of the RFPs share a
DsRed-like chromophore in which the z-system of the GFP chromophore is extended by an
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additional N-acylimine moiety, however, the mechanism of the chromophore maturation is
not yet well understood. Initially, it was assumed that the red chromophore (in DsRed) is
produced by oxidizing an immature green chromophore,3 however, the later studies
presented strong evidence in favor of a branched maturation pathway with the two distinct
end points leading to a mixture of the green and red forms in mature DsRed,* as illustrated
in Fig. 1. Mechanistic studies of DsRed maturation have identified a blue emitting
intermediate (absorbance maximum at 408 nm or 3.04 eV).# A blue-emitting form has also
been observed in fluorescent timers (FTs), as a precursor of the mature red protein.
Moreover, a dark form of PAmCherry, which emits in red upon photoactivation, absorbs in
violet spectral range.®

To determine the X-ray structure of the intermediate, Subach et al.” were able to convert a
number of RFPs (TagRFP, mCherry, mKeima, HcRed1, M355NA) to the blue emitting
forms using structure-based directed evolution and random mutagenesis. In particular, they
converted TagRFP to the blue-emitting protein, mTagBFP (absorbance maximum at 400 nm
or 3.10 eV) and determined its X-ray structure (2.2 A resolution). Recently, an enhanced
brighter version of the mTagBFP protein, mTagBFP2, has become available.®

Based on the similarity of the respective spectral properties, Subach et al.” proposed that the
blue form is the trapped blue intermediate in the red chromophore maturation process in
DsRed. Indeed, it is reasonable to expect that the mechanism of the DsRed-like
chromophore formation is similar in various RFPs and, consequently, that the blue
chromophores in DsRed, dark form of PAmCherry, FTs, and mTagBFP are structurally
similar (if not identical).

The X-ray structures mTagBFP,? PAmCherry,% and the blue precursor of FT,? as well as
mass-spectrometry analysis of mTagBFP and PAmCherry, support the structure of the blue-
emitting chromophore in which the imidazolinone ring is conjugated with the N-acylimine
bond and chromophore’s Tyr ring is separated from the z-system by the sp3-hybridized Cp
atom. However, the chromophore protonation and oxidation states are ambiguous, and a
number of different structures have been proposed,®6:9-10 as illustrated in Fig. 2 that shows
model systems representing proposed structures. These six model chromophores that are
considered in our study to elucidate the nature of the blue chromophore are different
protonation and oxidation states of N-[(5-hydroxy-1H-imidazole-2yl)methylidene]acetamide
(HIMA).

Strack et al.10 suggested the cationic chromophore with 10 electrons in the z-system in
which each formal double bond contributes 2 z-electrons (mHIMAO). In contrast,
Verkhusha and coworkers considered an anionic chromophore with 12-electron z-system
comprised by four formal double bonds and two lone pairs of the nitrogen and oxygen atoms
(mHIMAAa) as a blue emitting form in the process of FT maturation.® A neutral chromophore
(mHIMAnR) was suggested for mTagBFP.2 While all these structures are chemically sound,
ab initio calculations can help to discriminate between different chromophores on the basis
of their computed excitation energies and optimized structures within the protein binding
pocket. The oxidation state of the chromophore has important mechanistic implications, as it
determines the relative order of oxidation and dehydration steps in the red chromophore
maturation. The protonation state is also important, as it influences interactions between the
chromophore and nearby residues and ultimately affects the pH stability.

Here we present computational and experimental evidence that the blue intermediate has
anionic structure which can be formed in a single oxidation step. The assignment is based on
the calculations of isolated model chromophores (Fig. 2) and the QM/MM results for
mTagBFP. We choose mTagBFP as a model system because it was originally derived from
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RFP with an aim to trap the blue form (thus, it is structurally similar to the parental
TagRFP1), and because the crystal structures of both are available.? By identifying the
protonation state of the chromophore, we were able to find the key residues for chromophore
maturations and to verify their role experimentally by mutagenesis.

2 Experimental and computational methods

2.1 Computational details

The ground-state geometries of isolated model chromophores were optimized with RI-MP2/
cc-pVTZ. The core electrons were frozen in the RI-MP2 calculations. The optimized
structures were further used in calculations of the vertical excitation energies and energy
profiles along chromophore’s twisting coordinate, see Supplementary Materials (SM).
Vertical excitation energies were computed using two different approaches. First, we
employed SOS-CIS(D) (scaled opposite spin variant of configuration interaction singles
(CIS) with perturbative account of double excitations, Ref. 12). The initial benchmark
study1? has reported mean average errors of ~0.4 eV for 0-0 transitions for a large set of
organic molecules. The discrepancies between the theory and experiment were, in part, due
to using Hartree-Fock and CIS optimized geometries for the ground and excited states,
respectively.12 Therefore, we anticipate smaller errors in vertical excitation energies using
more accurate RI-MP2-optimized ground-state geometries. The SOS-CIS(D) method has
been shown to provide reliable excitation energies for the GFP chromophores3-15 and
flavin.16 However, owing to its perturbative nature, SOS-CIS(D) can fail in the case of near-
degenerate states or, more generally, when CIS wave function is not a good approximation
for an excited state. To verify the SOS-CIS(D) results, we employed the equation-of-motion
coupled-cluster for excitation energies (EOM-EE-CCSD) approach, which provides a
balanced treatment of ground and excited states of different nature including (near)-
degenerate cases.17-20

Excitation energies were computed using the aug-cc-pVDZ basis set. Additional data on the
basis set effects is available in SM. Due to resonance (i.e., metastable with respect to
electron detachment) character of the excited states of these anions, 1321 a non-augmented
cc-pVDZ basis was used for mHIMAa and HIMAa.

The 6-31+G(d) basis was used in EOM-EE-CCSD calculations. These calculations are
expected to yield reliable wave functions that can be compared with SOS-CIS(D), however,
the absolute values of excitation energies are expected to be less accurate owing to a small
basis set and the tendency of EOM-EE-CCSD to systematically overestimate excitation
energies of valence states.?1.22

The effect of the protein environment (mTagBFP) on the excitation energies of the
chromophores was estimated using the QM/MM (quantum mechanics/molecular mechanics)
approach. The model system comprised the entire mTagBFP molecule with atomic
coordinates of heavy atoms from the X-ray structure (PDB 1D: 3M24,° unit A). The
quantum part (QM) (see Fig. 3, left panel) included the chromophore, the sidechains of
Lys70, Arg95, Glu215 (DsRed numeration scheme), and the two water molecules forming
hydrogen bonds to the chromophore (total 75 atoms). Similar QM part has been used in the
calculations of the GFP excitation energies yielding satisfactory results.23 Positions of
hydrogen atoms were optimized using the TINKER package2* and CHARMM?22 molecular
mechanics force field. All heavy atoms were frozen during optimization. The force-field
parameters for the chromophore were adopted from the GFP chromophore?® and augmented
by the parameters of the similar molecular fragments from amino-acids. Note that
chromophore’s force-field only affects the hydrogen atom positions.
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Vertical excitation energies were computed using SOS-CIS(D)/aug-cc-pVDZ and
electrostatic embedding using CHARMMZ22 force field (QM:SOS-CIS(D)/aug-cc-pVDZ/
MM:CHARMMZ22). Two sets of calculation were performed: (i) cluster model, in which
interaction of the QM part with the protein environment were neglected; (ii) full QM/MM
calculation, in which electrostatic effects of the protein environment on the QM part were
taken into account using electrostatic embedding. In all QM/MM calculations the link atom
scheme was employed to cap the QM region. Electrostatic interaction between the link
atoms and MM atoms (point charges) connected through one and two bonds with the capped
QM atom were turned off.

To assess the stability of different protonation forms of the protein-bound chromophore, we
performed QM/MM geometry optimizations for mTagBFP with the chromophore in the
anionic, zwitterionic, and 2-electron oxidized forms. The model systems for QM/MM
optimizations were prepared as follows. The mTagBFP’s X-ray structure (PDB 1D: 3M24,°
unit A) was used as the starting geometry. The protein was solvated by 6819 water
molecules including those present in the crystallographic structure. Seven negative (CI™) and
eleven positive (Na*) counterions were added to neutralize charged surface residues. All
solvent molecules (added upon solvation and crystal water molecules) and counterions were
equilibrated using constant temperature (NVT ensemble) molecular dynamics (MD)
simulations (10 ps trajectory with 1 fs time step) at 298 K using the Berendsen thermostat.26
All long-range electrostatic interactions were computed by using the particle mesh Ewald
method. Except for the side-chains of the surface charged residues, all protein atoms were
fixed in the MD simulation. The system was then annealed for 2 ps from 298 to 0 K. The
obtained structure was used to extract the protein geometry as well as protein’s solvent shell
(water molecules within 3 A from the protein atoms and counterions). This geometry was
further used as a starting point for the QM/MM calculations. Mechanical embedding QM/
MM optimization was performed using the PBEO hybrid functional, the cc-pVDZ basis set,
and the CHARMM2227 force field. To ensure that the mechanical embedding QM/MM
scheme captures all essential interactions, we employed an extended quantum part (relative
to the one described above), which included all charged residues in the vicinity of the
chromophore as well as the residues forming hydrogen bonds to the chromophore and to the
charged residues. This quantum part (QM) (see Fig. 3, right panel) was comprised by the
chromophore (anion, zwitterion or doubly-oxidized form), the sidechains of Lys70, Arg95,
Glul45, Glu215, OH group of Thr179, and the three water molecules located in the active
site (total 91 atoms). The partial charges of the chromophore atoms that were used to
compute the QM/MM electrostatic interaction energy were computed at the X-ray geometry
using Natural Bond Orbital analysis?® of the PBEO/cc-pVDZ density (extracted from the full
QM calculation). Protein residues, water molecules, and counterions that were further than
10 A away from the QM part were frozen in the QM/MM geometry optimizations.

All calculations of the excitation energies were performed with the Q-CHEM electronic
structure program.2? The TINKER?4 package was used for MD simulations. The QM/MM
ground-state geometry optimizations were performed using the Firefly package,3? which is
partially based on the GAMESS (US)3! code.

2.2 Experimental characterization of the mTagBFP and TagRFP mutants

The mTagBFP and TagRFP mutants were produced by site-directed mutagenesis using the
mTagBFP and TagRFP genes in the pBAD/HisB vector as templates. The recombinant
proteins with the N-terminal His6-tag were expressed in the LMG194 bacterial strain
(Invitrogen) by overnight culture in RM minimal medium at 37°C in the presence of 0.005%
arabinose. The culture was then centrifuged at 5,000 rpm at 4°C for 15 min, the cell pellet
resuspended in phosphate buffer saline (PBS), 300 mM NacCl, pH 7.4 and lysed by

J Am Chem Soc. Author manuscript; available in PMC 2013 February 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bravaya et al.

Page 5

sonication on ice. The recombinant protein was purified with Ni-NTA resin (Qiagen)
followed by dialysis overnight against PBS.

Absorption spectra were recorded on a U-3010 spectrophotometer (Hitachi). The excitation
and emission spectra were measured using a FluoroMax-3 spectrofluorometer (Jobin Yvon).
For measurements the protein samples in PBS were used. Absorption of alkali denatured
FPs were measured right after the mixing of the protein sample with NaOH (to the final
concentration of 0.7 M) in the optical cuvette. Brightness of the proteins was calculated as a
product of the quantum yield and the extinction coefficient. The quantum yield was
measured using mTagBFP (quantum yield is 0.637) or TagRFP(quantum yield is 0.4811) as
the reference standards, respectively. The apparent extinction coefficients were determined
for the mTagBFP mutants as the ratio of the absorption at 400 nm to the absorption at 280
nm followed by normalization to the mTagBFP extinction coefficient, and for the TagRFP
mutants — as the ratio of the absorption at 555 nm to the absorption at 280 nm followed by
normalization to the TagRFP extinction coefficient. Equilibrium pH titrations were
performed using a series of buffers (100 mM NaOAc, 300 mM NaCl for pH 2.5-4.5, and
100 mM NaH,PO,4, 300 mM NaCl for pH 4.5-11.0).

3 Results and Discussion

3.1 Vertical excitation energies

Vertical excitation energies for the lowest bright (oscillator strength, f|, greater than 0.1)
excited state computed using SOS-CIS(D) are collected in Table 1 and visualized in Fig. 4.
The method has been shown to provide reliable vertical excitation energies for similar
chromophores.13 Moreover, the SOS-CIS(D) results were also validated against EOM-
CCSD (Table S3). We estimate the uncertainties of the computational methods to be around
0.3 eV. Note that the experimental absorption band half-width is about 45 nm (0.34 eV),
which gives an estimate of the anticipated broadening due to thermal motions.

Despite the same number of atoms participating in the z-conjugated system the lowest 7 —
7* excitation energies vary from 2.93 to 5.13 eV (423-242 nm) for different protonation and
oxidation states (Table 1). Only anionic and zwitterionic forms (mHIMAa and mHIMAzwlI)
agree with the experimental absorption maxima of the DsRed blue-form (3.04 eV or 408
nm) or mTagBFP (3.10 eV or 400 nm).

Although the computed excitation energies may change at higher-level of theory or when the
interactions with the protein matrix are taken into account, the gap of 2 eV is sufficiently
large to rule out mHIMAO structure. Moreover, this structure has several dark states below
the bright state, which can facilitate radiationless relaxation suppressing fluorescence.
Finally, the QM/MM calculations show that this structure is unstable in the protein binding
pocket. Note that this structure differs from other forms by oxidation state, which leads to
important mechanistic implications discussed below.

The variations in the excitation energies for different protonation states are caused not only
by different electronic structure, but also by variations in equilibrium geometries. The steric
repulsion between the methyl group and the acylimine moiety leads to non-planarity of the
chromophore, i.e., 6 dihedral angle (Figs. 2 and S1) varies from 6 to 75° for different
protonation states (Table 1, for more discussion see Sl).

The excitation energies for the isolated model anionic and zwitterionic chromophores agree
well with the experimental absorption maximum of the blue form in DsRed and mTagBFP.
The protein can affect the optical properties of the blue chromophore by inducing structural
deformations and by the electrostatic field of the nearby residues. Indeed, the C=0 group of
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the acylimine in the mTagBFP-like chromophore is out of the chromophore plane, with the
acylimine 0 angle varying from —152 to 106° for four different protein chains in
crystallographic asymmetric unit.® As out-of-plane distortions involve conjugated z-system,
one may expect notable effect on the chromophore absorption. However, our calculations of
potential energy profiles along the 9 angle show that the excitation energy of the anionic
form is not affected by the non-planarity. Thus, the structural deformation caused by the
protein environment does not significantly affect its optical properties, although it may be
responsible for a minor discrepancy between the gas-phase excitation energy of mHIMAa
and mHIMAZzwI and the absorption maximum of the blue form (see Figs. S6-S8).

To further quantify the effect of the protein on excitation energies, we performed QM/MM
calculations of the protein-bound (mTagBFP) anionic (mHIMAa) chromophores. Two
models were used: a cluster model including the chromophore and several nearby residues
and the full QM/MM model that takes into account the effect of the electrostatic field of the
entire solvated protein (Table 1). The interactions with the nearby residues (cluster model)
lead to the blue shift of 0.36 eV. However, the electrostatic field of the rest of the protein/
solvent/counter-ions red-shifts the excitation energy to 3.04 eV (408 nm), which is close to
the experimental absorption maximum of mTagBFP (3.10 eV or 400 nm). A relatively small
shift due to the interaction with the protein is consistent with negligible protein-induced
shifts of the GFP-like chromophore absorption, which has been observed both
experimentally and predicted by calculations.23:32-34 Thus, it is highly unlikely that the
protein can perturb the excited states of other protonation and oxidation states of the
mHIMA chromophore by 0.9 eV to account for the differences between the experimental
absorption maximum and the excitation energies.

Apart from the excitation energy criterion, the analysis of the chemical stability of the
protein-bound chromophore in different protonation and oxidation states provides additional
evidence against doubly-oxidized form of the chromophore (mHIMAO). Moreover, these
calculations reveal that the zwitterionic structure (mHIMAzwI) is unstable in the protein
binding pocket thus allowing us to rule out this structure as well.

To analyze the stability of the chromophore in different protonation states inside the binding
pocket of mTagBFP, we performed series of the QM/MM geometry optimizations with the
chromophore in the anionic (mHIMAa), zwitterionic (mHIMAzwI), and doubly-oxidized
(mHI-MAOo) forms. The QM/MM optimized structure of the protein-bound anionic
chromophore is very close to the X-ray structure of mTagBFP (see Fig. 3). In contrast, no
stationary point was found for the zwitterionic and doubly-oxidized chromophores. In the
former case, we observe prompt proton transfer from the imidazole ring to deprotonated
Glu215 (see Fig. S11 for the alignment of the amino acid sequences). Highly energetic
structure of the doubly-oxidized chromophore was also found to be unstable: the
chromophore cation undergoes a nucleophilic attack by the nearby water molecule (Fig.
S11). This provides additional evidence against the cationic structure.

In sum, from the two protonation states of the chromophore with optical properties matching
the experiment (anion and zwitterion), only the anionic form is stable inside the protein
matrix.

The negative charge on the enol moiety of the mHIMA chromophore is consistent with the
X-ray structure of mTagBFP? and the QM/MM optimized geometries. The enol oxygen of
the chromophore forms two hydrogen bonds with positively charged Arg95 and Lys70 with
respective distances between the heavy atoms of 2.82-2.98 and 3.03-3.31 A for different
protein chains in the mTagBFP crystallographic unit (see Figs. 3 and S9). The active-site
configuration with the two positively charged residues (Lys70 and Arg95) suggests the
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stabilization of these two positive centers by the negative charge of the chromophore group,
in addition to the Glu145 residue (Fig. S9). Moreover, a number of RFPs including DsRed,
eqFP611, eqFP578 and their derivatives such as FTs, TagRFP, mCherry, mKate and
mNeptune contain Lys or Arg homologous of mTagBFP’s Lys70, whereas GFP, EGFP, and
copGFP, in which the N-acylimine bond is absent, have neutral Gln at this position (Fig.
S10).

The structure of the mTagBFP active site also explains extremely low effective pK, of the
chromophore (2.7+0.2).” The protein barrel and, to a larger extent, formation of salt bridges
can significantly decrease chromophore’s pKj,. For example, pK, of the GFP chromophore
(HBDI) in solution is 8.2 (anion/neutral),3® whereas pKj of the protein-bound anionic
chromophore (in EGFP) is 5.8,36 that is, 2.4-fold less than for the bare chromophore
interacting with water. When chromophore’s negative charge is stabilized by a salt bridge,
pK decreases further, as illustrated by DsRed and copGFP (pK of 4.7 and 4.3)37:38 in
which the chromophore is stabilized by the salt bridges with Lys153 and Arg156,
respectively. Therefore, the two positively charged residues in the proximity of the
mTagBFP chromophore are likely to be responsible for low pK,. Note that the absorption of
mTagBFP in the acidic media is strongly blue-shifted (335 nm or 3.70 eV),” which is
consistent with the computed higher excitation energies of the protonated forms.

3.2 Properties of the purified mTagBFP and TagRFP mutants

To determine whether Lys70 in mTagBFP’ and Arg70 in TagRFP3? are required for the
formation of the blue and red chromophores, we substituted Lys70 with lle, Val and Glin,
and Arg70 with Ala, GIn, His and Lys (Tables 2 and 3). The substitution of Lys70 in
mTagBFP with Ile, Val and Gln results in blue-emitting FPs with the absorption maxima at
400-416 nm and the emission maxima at 461-463 nm that are similar to those of mTagBFP
(Table 2). The dramatic 9-83 fold decrease of the extinction coefficients for the Lys70
variants indicates substantially reduced efficiency of the mTagBFP-like chromophore
formation. In addition, 3.5-12.6 folds decrease of the quantum yields indicates the
importance of Lys70 for the rigidity and planarity of the mTagBFP chromophore.
Altogether, introduction of mutations into position 70 results in 561000 fold decrease in the
mTagBFP brightness.

Analysis of pK, of Lys70 mutants supports our hypothesis that low pKj is due to the
stabilization of the negative charge of the mTagBFP-like chromophore by the two positively
charged amino acids. Indeed, removing the positive charge of Lys70 in mTagBFP results in
the shift of the pK, values from 2.7 to 9.0-10.3 (mTagBFP). It is interesting that the
substitution of Arg95, which together with Lys70 participates in the stabilization of the
mTagBFP chromophore, with another positively charged amino acid, Lys, results in the FP
with identical absorption and emission wavelengths, quantum yield and pKj, as the parental
mTagBFP (Table 2). However, 52-fold less mTagBFP-like chromophore is formed in the
case of this mutant that was expected because of absolute conservancy of Arg95 among FPs
and its necessity for cyclization of the imidazolinone ring in the GFP chromophore.49 Thus,
we conclude that the positive charge of Lys 70 is extremely important for the stabilization of
the mTagBFP-chromophore. Lys70 influences the efficiency of the mTagBFP chromophore
formation, its rigidity/planarity, and pH stability.

Introduction of Ala, GlIn or His instead of Arg70 in TagRFP preserves the formation of the
red chromophore with the absorption/excitation maxima at 556-561 nm and the emission
maxima at 586-590 nm (Table 3). The 17-230 fold decrease of the extinction coefficients in
the mutants (relative to TagRFP) indicates decreased efficiency of the chromophore
formation in the mutants. The substitution of Arg70 in TagRFP has a smaller effect on the
rigidity and planarity of the chromophore than the substitution of Lys70 in mTagBFP, as the
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quantum yields of the mutants decrease only by factor of 1.5-2.2 in comparison with
TagRFP. Therefore, the overall brightness of the R70A, R70Q and R70H mutants of
TagRFP drops by 26-500-fold relative to TagRFP. The R70K variant containing the positive
charge at position 70 differs from the three other variants because its brightness is
approximately the same as the brightness of parental TagRFP with just 1.6-fold less
absorption but with 1.25-fold higher quantum yield. The three first mutants have much
higher pKj values than TagRFP (6.5-7.5 versus 4.3), whereas the R70K mutant has pK,
similar to that of TagRFP. Therefore, the positively charged amino acid residue at position
70 is necessary for the efficient formation of the DsRed-like chromophore and for low pK,
value. The former may be due to impeded formation and stabilization of the intermediate
blue form, or due to the catalytic role of the amino acid in position 70. The effect on the pH
stability is likely related to the decreased delocalization of the negative charge inside the
anionic DsRed-like chromophore since oxygen of the imidazolinone ring can acquire partial
negative charge due to delocalization.

In the absorption spectra of the R70Q and R70H mutants of TagRFP the main peaks are
observed at 386 and 396 nm (Table 3). Two approximately equal peaks at 412 nm and 556
nm are detected for the R70A mutants. In the case of the R70K mutant, in addition to the
main peak at 555 nm characteristic of the DsRed-like chromophore, two peaks at 387 and
512 nm are observed. In alkaline conditions (0.7 M NaOH) all mutants exhibit a single peak
at 449 nm characteristic of the GFP-like and DsRed-like chromophores but not of the
mTagBFP-like chromophore.® Thus, the formation of the green GFP-like chromophore in
the protonated (peaks at 386—-412 nm) or anionic (peak at 512 nm) forms is observed for all
four mutants of Arg70.

In sum, the properties of the mTagBFP and TagRFP mutants at position 70 (Tables 2 and 3)
reveals that the positively charged amino acid in position 70 is extremely important for the
FP maturation into the blue and, consequently, into the red form. Otherwise, the formation
and stabilization of the blue and red chromophores are impeded, and, in addition to the
DsRed-like chromophore, the side formation of the GFP-like chromophore occurs for the
TagRFP mutants.

3.3 The revised mechanism of the DsRed-like chromophore formation

Based on the computed excitation energies and the results of QM/MM geometry
optimizations, the only form of the chromophore that is stable in the protein-binding pocket
and has the absorption matching the experimental spectrum is the anionic form. The
assignment of the chromophore protonation and oxidation state has important mechanistic
implications, namely, that the anionic structure cannot be reconciled with the mechanism
proposed by Strack et al.10 Since the intermediate proposed in Ref. 10 is a 2e-oxidized form
with respect to mHIMAa&, the mHIMAa-like blue intermediate implies that the order of the
final oxidation/deprotonation stages should be reversed: the final oxidation occurs after the
blue intermediate is formed rather than precedes its formation, as was suggested in Ref. 10.
Final oxidation following the blue chromophore formation is also supported by the facts that
blue-to-red conversion in FTs is only possible under aerobic conditions® and the
photoactivation of PAmCherry is dramatically inhibited in anaerobic conditions.6 The
formation stage of the blue species in the DsRed.T7 proteinl® was deduced from matching
the rate and stoichiometry of the H,O, production with the formation kinetics and yield of
the matured DsRed.T7 species. Thus, this conclusion? relies on the quantitative data for the
yield of the matured DsRed.T7 molecules, which is difficult to determine with sufficient
accuracy. The present results and the experimental data on FTs and PAmCherry®: strongly
suggest that oxidation occurs at the stage of the blue-to-red conversion.
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Fig. 5 presents the revised mechanism, which is similar to that proposed for TagRFP® and
FTs® and also incorporates the present results. The first two stages follow the established
mechanism of the GFP-like chromophore maturation:#! cyclization (I) and oxidation (11).
The product formed at the second stage is a branching point for the formation of the green
and red chromophores. Two different dehydration pathways are possible. The first one (I11)
corresponds to the OH™ and H* removal from the imidazolinone ring and the methylene
bridge, respectively, leading to the formation of the dead-end product, the GFP-like
chromophore. The second pathway (IV) assumes the OH™ and H* detachment from the
imidazolinone ring and the peptide bond of Phe65, respectively, along with the
rearrangement of the single/double bond pattern forming the enol form of the chromophore
with the acylimine being conjugated to the imidazolinone ring. The negative charge of the
product is stabilized by K70 and R95. We suggest that K70 is a key residue, a switch leading
to the DsRed-like chromophore formation pathway. Stage (V) corresponds to the formation
of the blue intermediate upon deprotonation. Final oxidation stage (V1) results in the H atom
abstraction from the methylene bridge and the phenol moiety producing the fully conjugated
red chromophore.

The proposed scheme (Fig. 5) provides an outline of the mechanism of the DsRed-like
chromophore maturation; however, more experimental and theoretical studies are required to
clarify the proton shuttling pathways, characterize dark intermediates and side-way products
and identify crucial amino acid residues responsible for the autocatalytic chromophore
formation.

4 Conclusions

In summary, on the basis of ab initio and QM/MM calculations we assign the blue
intermediate in the process of the red chromophore maturation to the anionic chromophore,
whose absorption in the gas phase (421 nm or 2.95 eV) and inside the mTagBFP protein
(408 nm or 3.04 eV) matches the experimental spectrum of the blue form in DsRed (the
absorption maximum is 408 nm or 3.04 eV) and mTagBFP (400 nm or 3.10 eV). Unlike
other forms of the chromophore, the anionic structure is stable in the protein binding pocket.
We suggest a revised branched mechanism of the chromophore maturation in which the
second oxidation stage occurs after the mTagBFP-like intermediate is formed. The
determination of the chromophore structure reveals the key role of Lys70 for the DsRed-like
chromophore maturation, which was verified experimentally by directed mutagenesis. Since
the dark form of PAmCherry, the blue form of FTs, and mTagBFP seems to share the same
mTag-BFP-like chromophore, the identification of the chemical structure of the blue
intermediate advances our fundamental understanding of the chemistry of the red
fluorescence acquisition in fluorescent proteins.
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Different proposed mechanisms of the red chromophore formation: a sequential formation of
the green and red chromophores proposed by Gross et al.3 (top), a branched pathway
suggested by Strack et al.1% (middle), and a branched mechanism by Verkhusha and co-
workers®: 2 (bottom). The blue intermediate structures from the two suggested branched

mechanisms differ by their oxidation state.
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Model HIMA chromophores, R=H (HIMA); R=CH3 (mHIMA), in different protonation
states: neutral (mHIMAnR), anionic (mHIMAAa), cationic (mMHIMAC), zwitterionic with
protonated imidazolinone ring and acylimine (mHIMAzwI) and (MHIMAzwA),
respectively, and 2-electron oxidized form (mHIMAO). The ¢ and & dihedral angles are
defined as C[Imidazole]-C—N-C[=0] and C-N-C-O0, respectively.
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Figure 3.

Left panel: the X-ray structure and the quantum part selection for the mTagBFP model
system used for excitation energy calculations. Right panel: optimized QM/MM structure of
the mTagBFP active site (only the QM part shown) with the chromophore in the anionic
form (QM:PBEO/cc-pVDZ/MM:CHARMM27). DsRed numeration is used. mTagBFP’s
Lys67, Arg92, Glu215, and Thrl79 correspond to the Lys70, Arg95, Glu215, and Serl79
residues of DsRed.
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The SOS-CIS(D)/aug-cc-pVTZ excitation energies for HIMA in different protonation and

oxidation states. The bar heights are proportional to oscillator strengths. mTagBFP

absorption spectrum is from Ref. 9. Absorption maximum for the blue forms of other red
FPs (FTs, DsRed, dark PAmCherry) is in the range of 403410 nm.4-%
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A revised mechanism of the DsRed chromophore maturation. (1) cyclization; (I1) oxidation;
(1) formation of the green chromophore - dehydration (Tyr66 C); (IV and V) formation of
the blue intermediate - dehydration of acylimine; (V1) formation of the red chromophore -

oxidation (Tyr66 C).
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Table 1

Vertical excitation energies and oscillator strength (f) for the lowest bright zz* excited states in different
model chromophores and the dihedral angles of their optimized structures@.

Molecule AEnmEV) fL ¢° 6°
mHIMAN 280 (4.43) 0.62 176 67
mHIMAa 421295 120 170 20
mHIMACc 273 (4.54) 071 174 60
mHIMAzwlI 414 (3.00) 090 171 42
mHIMAzwWA 315 (3.94) 119 155 6

mHIMAo 239 (5.19) 065 174 75
QM(mHIMAa) 375(3.31) 078 168 106
OQM(mHIMAa)YMM 408 (3.04) 077 168 106

aThe QM(mHIMAA) results are for the cluster model with the QM geometry corresponding to the X-ray mTagBFP structure with the chromophore
in the anionic state. The QM/MM values refer to the mTagBFP excitation energies computed using an electrostatic embedding QM/MM model
representing the chromophore cluster model inside the protein matrix.

Excitation energies: SOS-CIS(D)/aug-cc-pVDZ except for mHIMAa for which cc-pVDZ was used. Equilibrium geometries: RI-MP2/cc-pVTZ.
See Figs. 2 and S1 for structures of model systems and definition of the structural parameters.
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