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CONSPECTUS

he unique properties of green fluorescent protein (GFP) have been
harnessed in a variety of bioimaging techniques, revolutionizing — M g/g\g
many areas of the life sciences. Molecular-level understanding of the s \/DE -
underlying photophysics provides an advantage in the design of new ]
fluorescent proteins (FPs) with improved properties; however, becauseof 2.5 gV w

its complexity, many aspects of the GFP photocycle remain unknown. In M 2/\8
this Account, we discuss computational studies of FPs and their chromo- ;

phores that provide qualitative insights into mechanistic details of their

photocyde and the structural basis for their optical properties. In a reductionist framework, studies of well-defined model systems
(such as isolated chromophores) help to understand their intrinsic properties, while calculations including protein matrix and/or
solvent demonstrate, on the atomic level, how these properties are modulated by the environment.

An interesting feature of several anionic FP chromophores in the gas phase is their low electron detachment energy.
For example, the bright excited zzr* state of the model GFP chromophore (2.6 eV) lies above the electron detachment continuum
(2.5 eV). Thus, the excited state is metastable with respect to electron detachment. This autoionizing character needs to be taken
into account in interpreting gas-phase measurements and is very difficult to describe computationally. Solvation (and even
microsolvation by a single water molecule) stabilizes the anionic states enough such that the resonance excited state becomes
bound. However, even in stabilizing environments (such as protein or solution), the anionic chromophores have relatively low
oxidation potentials and can act as light-induced electron donors.

Protein appears to affect excitation energies very little (<0.1 eV), but alters ionization or electron detachment energies by
several electron volts. Solvents (especially polar ones) have a pronounced effect on the chromophore's electronic states; for
example, the absorption wavelength changes considerably, the ground-state barrier for cis—trans isomerization is reduced, and
fluorescence quantum yield drops dramatically. Calculations reveal that these effects can be explained in terms of electrostatic
interactions and polarization, as well as specific interactions such as hydrogen bonding.

The availability of efficient computer implementations of predictive electronic structure methods is essential. Important
challenges include developing faster codes (to enable better equilibrium sampling and excited-state dynamics modeling), creating
algorithms for properties calculations (such as nonlinear optical properties), extending standard excited-state methods to
autoionizing (resonance) states, and developing accurate QM/MM schemes.

The results of sophisticated first-principle calculations can be interpreted in terms of simpler, qualitative molecular orbital
models to explain general trends. In particular, an essential feature of the anionic GFP chromophore is an almost perfect resonance
(mesomeric) interaction between two Lewis structures, giving rise to charge delocalization, bond-order scrambling, and, most
importantly, allylic frontier molecular orbitals spanning the methine bridge. We demonstrate that a three-center Hiickel-like model
provides a useful framework for understanding properties of FPs. It can explain changes in absorption wavelength upon
protonation or other structural modifications of the chromophore, the magnitude of transition dipole moment, barriers to
isomerization, and even non-Condon effects in one- and two-photon absorption.
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1. Introduction

The unique properties of green fluorescent protein (GFP)
exploited in novel bioimaging techniques have revolutionized
many areas in life sciences' and motivated numerous experi-
mental and theoretical studies.®>® Owing to the complexity of
the system, many aspects of the GFP photocycle and chromo-
phore formation are still unknown. Molecular-level under-
standing of these processes provides a crucial advantage in
the design of new fluorescent proteins (FPs) with improved
properties such as better optical output, faster maturation rates,
smaller phototoxicity, better spectral separation for FRET pairs,
pH or redox sensitive fluorescence, as well as sensitivity to
small molecules or ions such as Ca>* or CI~. The knowledge of
structure—function relationship can also guide the develop-
ment of new applications of FPs, such as optical highlighting,>'°
genetically encoded photosensitizers for chromophore-
assisted light inactivation (e.g, for photodynamic cancer
treatment),"' and as photochemically active partners.'?
Numerous excellent reviews highlighted different aspects
of GFP chemistry and photophysics and emphasized the
synergy between complementary experimental and theore-
tical approaches.'>~”# Indeed, no single technique can pro-
vide a comprehensive mechanistic picture for a system of such
complexity. For example, excited-state proton transfer (ESPT)
and recovery of the resting A-form in wt-GFP (wild-type) have
been interrogated by ultrafast time-resolved fluorescence
experiments, transient vibrational spectroscopy, crystallogra-
phy, and mutagenesis as well as computational modeling.*°
Mechanistic details of red chromophore maturation have
been studied by means of X-ray structural analysis, trapped
intermediates, Kinetic isotope effect, monitoring peroxide
production, mass spectrometry, and targeted mutations.'3

The focus of this Account is on the unique role of theory in
studies of FPs. Starting from the first applications of quantum
chemistry methods,'* computational modeling has been
used to test structural assumptions, for example, whether
the hypothesized structure of a chromophore absorbs at the
observed wavelength or to quantify the effect of changes in
local environment, protonation state, and so forth on the
spectral properties. Calculations of reaction energy profiles
can help to discriminate between different maturation me-
chanisms and proposed intermediates. Exploration of ex-
cited-state surfaces and dynamics has contributed toward
elucidation of mechanisms of ESPT and radiationless relaxa-
tion. Numerous contributions of theory to FP studies have
been discussed in refs 4, 6, and 9. In this Account, we
highlight qualitative insights into the electronic structure of
FP based on the recent work from our laboratories. We also
emphasize similarities between the GFP-type chromophores
and the chromophore from photoactive (but not fluorescent)
yellow protein (PYP).

2. Resonance Interactions and Molecular
Orbital Framework

The chromophore of the wt and many other FPs consists of
phenolate and imidazolinone moieties connected by a
methine bridge. Figure 1 shows chemical structures of the
model chromophore, 4-hydroxybenzylidene-2,3-dimethyli-
midazolinone (HBDI). In the ground state, there is an equi-
librium between the protonated and deprotonated (anionic)
forms, and their ratio depends on the local environment. For
example, in wt-GFP, the chromophore is predominantly
protonated, whereas the so-called enhanced GFP (EGFP)
features anionic chromophore.
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FIGURE 1. Chemical structures and atomic labels of HBDI (top) and deprotonated HBDI (HBDI anion, bottom) in the cis-conformation. The anion's
structure is derived from the two interacting resonance structures characterized by different bond orders and charge distribution. The two CH3 groups
represent the covalent bonds by which the chromophore is bound to the protein barrel.
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FIGURE 2. Relevant molecular orbitals of deprotonated (left) and neutral (right) HBDI, HF/6-311G(d), and the corresponding solutions of the Hiickel
model. In the ground state of the anion, both ¢3 and ¢3 are doubly occupied, and the bright state is derived by the ¢35 — ¢3 excitation. In the protonated
form (neutral HBDI), the MOs are no longer of allylic character, and the bright excited state resembles a simple ethylene-like ¢7 — ¢5 transition.

The electronic excitation in the protein leads to the ultrafast
(sub-picosecond) ESPT producing electronically excited anionic
form, which is ultimately responsible for the fluorescence."#'>

An essential feature of the anionic GFP chromophore is
almost a perfect resonance (mesomeric) interaction be-
tween the two Lewis structures (see Figure 1). The resonance
leads to charge delocalization over the phenolate and
imidazolinone moieties and bond-order scrambling, which
is clearly reflected by the equilibrium structure.'® For exam-
ple, the bridge CC bond lengths (computed by resolution-of-
identity second order Mgller—Plesset theory, RI-MP2, and cc-
pVTZ) are 1.384 A (CzCp) and 1.378 A (CgC)), which can be
compared with the typical double and single CC bond
lengths of 1.333 and 1.470 A, respectively.'” Protonation
detunes the resonance stabilizing the phenolate form, which
results in more pronounced bond alternation, 1.435 A
(phenolate) and 1.350 A (imidazolinone),'® which has con-
sequences for excited-state dynamics.'®2°

A similar structural motif is observed in the PYP chromo-
phore, where the degree of resonance stabilization varies in
different isomers and protonation forms, and is most pro-
nounced in the phenolate form of para-coumaric acid
(pCA).21 The resonance can also be affected by structural
modifications, for example, it disappears in the meta-hydro-
xy isomers of HBDI and pCA.>**3

In addition to its effect on the structure and charge
distribution, the degree of resonance interaction affects the
electronic properties, which can be rationalized within a
simple Hiickel-like model.'®'8212425 gimijlar valence-
bond-like models have been employed to explain changes

in the absorption wavelengths upon substitutions in dyes>®
and excited-state isomerization of GFP.2"*®

Figure 2 shows frontier molecular orbitals (MOs) of the
anionic (deprotonated) and neutral HBDI. Nearly perfect
resonance in the anionic form results in the allylictype
MOs spanning the bridge region (Cp, Cg, and (), whereas
stabilization of the phenolate moiety by protonation leads
to an ethylene-like pattern. Even though the MOs are
delocalized over the entire molecule, the electronic density
redistribution upon electronic excitation mainly involves the
bridge region. Thus, our analysis is based on a model system
consisting of the three bridge carbons.

Assuming perfect resonance for the anionic form, the
three atoms (Cp, Cg, and () are equivalent and the Huckel
Hamiltonian is:

(1)

.y

I
OoOR ™
R m
mn RO

where ¢ is an atomic p-orbital energy and « is a coupling
matrix element between the two neighboring centers
(00 < Q). This Hamiltonian is identical to the Huckel's descrip-
tion of the allyl radical; however, the number of electrons is
different (four in HBDI versus three in allyl). The diagonali-
zation of this matrix yields the following eigenvalues:

4= e+V2a )
E§ =¢ 3)
E§ =¢ —V2a (4)
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The corresponding eigenfunctions {¢;'}—; _3 are:

# = 3o+ Vaps +p) 6]
¢5 = %2‘(131 —Pr) (6)
# = 5o —V2ps +p) )

where pp, pg, and p; are the p-orbitals of the three carbon
atoms, Cp, Cg, and G, respectively. The eigenfunctions are
depicted in Figure 2, next to the respective Hartree—Fock
MOs. Indeed, the shapes of the HOMO-1, HOMO, and
LUMO in the bridge region are similar to the {¢f}—;_3
Huckel solutions. The HOMO—LUMO (¢3 — ¢3) excitation
energy is /2|al.

In the protonated form, the three carbons are no longer
equivalent. Assuming ¢p < g = ¢ = ¢ and neglecting the
coupling between Cp and Cg, we arrive to the following
Hamiltonian:

g 0 0
h=(0 ¢ « 8)
0 a ¢

which gives rise to the eigenvalues:

El =¢+a (9)
E} =¢—a (10)
And the eigenstates are:
1
o =\/—§(PB+PI) (11)
n 1
=—(p - 12
) \/E(Pl Ps) (12)

The resulting HOMO—-LUMO excitation energy is 2|a.

Thus, the model predicts lower excitation energies in the
deprotonated form, which is indeed supported by the
calculations and the experiment. For example, vertical
excitation energies of the anionic and protonated forms
are 2.62 and 3.83 eV, respectively [computed by the scaled-
opposite-spin configuration interaction singles (CIS) with
perturbative account of double excitations method, SOS-
CIS(D), and cc-pVTZ; see ref 18]. Likewise, detuned reso-
nance in meta-form of anionic HBDI and pCA results in
higher excitation energies.>>?3 A similar trend is observed
in the two isomers of anionic pCA: the excitation energy of
the carboxylate form is almost 1 eV higher than that of the
phenolate form.?!
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This model can also be used to analyze the trends in
oscillator strengths (similar to the analysis of Dewar and
Longuet-Higgins°). For a linear arrangement of the atoms,
such that pg is located at x =0, pp at x = —xo, p; at x = Xo, that
is, {palXlps) = O, (Pe|x|pe) = —Xo, {pilXlp1) = Xo, and assuming
zero overlap between the orbitals centered on different
atoms ((pp|x|pe) = (pelXlp) = (pslX|p)y = 0), the transition
dipole moment matrix element for the anionic form corre-
sponding to the first excitation (HOMO — LUMO) is:

1
(B31x|93) = ﬁ<*PP +pix|pe — V2pg +p1)

1 1
N = ﬁ(PP|X|PP> + ﬁ(.nl X|pr)

1
= EXO (13)

and in the neutral (protonated) form:

1
(P71x|93) = §<pB +pilx|pr — ps)

1 1 1
~5(pilxlp) — 5 Palxlpe) = 5o (14)

Thus, the first excited state (x — =*) in the two forms
corresponds to the ¢5 — ¢3 and ¢7 — ¢5 transitions giving
rise to the following values of the transition dipole mo-
ments: [($3[x|p3)|* = x0>/2 and [(pTX|p3)[* = Xo>/4.

Indeed, the computed'® transition dipole moments of
anionic and neutral HBDI (4.05 and 3.18 au) are in quali-
tative agreement with this prediction. The two pCA™ iso-
mers exhibit a similar trend, although in this case the
difference in the computed oscillator strengths is much
higher (30 times).?!

The Huickel model also predicts the trends in excited state
energies and oscillator strength of the oxidized species (e.g.,
electron-detached and doubly electron-detached deproto-
nated HBDI).2® In the doublet radical, the excited states are
derived from the out-of-phase and in-phase combinations of
the > — 7* and 7, — 717 transitions. Because the respective
dipole moment matrix elements have the same magnitude,
one of the states is expected to be dark, whereas the second
should be bright, which is confirmed by the computed values
of the oscillator strengths for D; and D, (0 and 1.04,
respectively).

The above Huickel treatment predicts that all three bright
transitions have the same (u). The computed values (CIS/
CC-pVTZ) of [{uyy| are indeed very close and equal 4.05, 3.74,
and 3.75 au for the anion, radical, and cation transitions,
respectively. The corresponding values of x (2.8—3.03 A)



are larger than the CC bond length (1.4 A), indicating a
degree to which the real MOs differ from their simplified
allylic representation (Figure 2).

Equation 13 predicts that the oscillator strength of the
bright transition will be sensitive to the bridge deformation.
For example, CC-bond elongation in the excited state leads
to the increased oscillator strength causing preferential
enhancement of the corresponding vibrational transitions.
This gives rise to non-Condon effects in one and two-photon
transitions, as described in section 4.

Finally, the model predicts that the change in the dipole
moment upon excitation, Au = ug — ey, is small. For
perfectly allylic orbitals, eqs 5—7, the only nonzero compo-
nent of the dipole moment (both ug, and uey) is perpendicular
to the molecular axis and vanishes at linear geometries.
Thus, simple trigonometry predicts small Ax, which isindeed
observed in calculations;'® the computed |Ay| is 0.6 D, and
its direction is in the molecular plain pointing toward the
bridge carbon. This value, which is very robust and persists at
different levels of theory,'®3%3" is 10 times smaller than Au
derived from the Stark effect measurements.'>32 A possible
reason is polarization by the environment, which is sup-
ported by the calculations including solvent effects.>°

3. Electronic Properties of the GFP Chromo-
phore: From Gas Phase to the Protein
Following the so-called reductionist approach, one can at-
tempt to analyze properties of a real complex system from
bottom up, that is, from understanding the intrinsic proper-
ties of isolated FP chromophores to their behavior in
the protein environment. Below we analyze essential fea-
tures of the anionic FP chromophores in the gas phase and in
the protein binding pocket focusing on the interplay be-
tween electronically excited states, which give rise to
absorption and fluorescence, and ionized (or, more pre-
cisely, electron-detached) states responsible for their redox
properties.

3.1. Metastable Character of the Excited States in the
Anionic GFP Chromophore in the Gas Phase. A character-
istic feature of the gas-phase anionic species is relatively low
electron detachment energies (DE, energy required to re-
move an electron). For example, vertical DE (VDE) of the
deprotonated HBDI is 2.5 eV."'®2° VDEs of the two isomers of
pCA~ are 2.92 and 3.91 (phenolate and carboxylate form,
respectively, ref 21). Thus, the lowest bright excited state in
these species lies above the electron-detachment threshold
and is, therefore, embedded in the continuum. This makes
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FIGURE 3. Effect of increasing the number of diffuse functions in the

basis set on the density of states and convergence of the lowest excited
and the bright 7zs7* state. The calculations were performed with CIS, and
the basis was varied from 6-311G(2pd,2df) to 6-311(4+,2+)G(2pd,2df).

these states metastable with respect to electron detachment,
which has implications for the interpretation of the gas-
phase experiments.33~3% Such resonance states have finite
lifetime leading to spectral line broadening, and the auto-
ionization channel needs to be properly accounted for in the
action spectroscopy experiments. Interestingly, the lowest
triplet state that has the same orbital character is below the
detachment continuum and is, therefore, a stable bound
state.

The resonance character of the excited states has sig-
nificant consequences for electronic structure calculations,
asillustrated in Figure 3. In a small basis set, the excited state
appears as an isolated state and its resonance character is
only revealed by comparing the excitation energy with the
VDE. As the one-electron basis set is expanded, the states
approximating the electron-detached continuum start to
appear in excited state calculations approaching a well-
defined limit, that is, Koopmans VDE in time-dependent
DFT (TDDFT) or CIS calculations, or an equation-of-motion
(EOM) coupled-cluster with singles and doubles (CCSD) for
ionization potentials, EOM-IP-CCSD, value in the EOM-
EE-CCSD (EOM-CCSD for excitation energies) calculations.
These pseudocontinuum states characterized by increasingly
diffuse wave functions and zero oscillator strengths mix with
the bright state, making the assighment ambiguous and also
causing numeric problems (too many states below the bright
state in Davidson diagonalization procedure). Thus, using
standard ab initio methods, one cannot reliably calculate the
converged (with respect to the basis set) excitation energy of
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FIGURE 4. Energy diagram of the relevant electronic states of bare
HBDI and the GFP chromophore (Chr) in different environments. The
complete QM system includes the chromophore, the side chains of
Glu222, Arg96 and Ser205, His148, as well as two water molecules,
whereas the rest of the protein, solvating water molecules, and coun-
terions are described by MM. See ref 37 for details.

the resonance state (and its spectral broadening due to the
interaction with the continuum). Small basis set calculations,
which artificially stabilize the resonance, provide only a semi-
quantitative estimates and need to be carefully analyzed to
avoid artifacts due to the interaction with the continuum.?' In
order to address these issues, the extension of standard
approaches using complex-scaled Hamiltonians or other tech-
niques are necessary.>®

3.2. The Effect of the Environment on the Ground,
Excited, and lonized States. Polar environment stabilizes
the ground (and excited) state of anions increasing their
VDEs. Thus, one can expect that in a solvent or protein
environment the excited states of the anionic chromophores
would become bound, owing to the VDE increase.

This is indeed confirmed by electronic structure calcu-
lations.>” In the protein, the energy of the excited state is
almost unchanged; however, the VDE increases from 2.5 eV
(gas phase) up to 5.0 eV. The analysis of different interac-
tions between the chromophore and the surrounding resi-
dues reveals that positively charged arginine has the largest
stabilizing effect; however, the interactions with other resi-
dues and water are also important.

Figure 4 shows excitation energies for the bright zzz* state,
the lowest triplet state, and VDE for the HBDI chromophore
in the gas phase and in the protein environment as well as in
the model QM clusters of increasing size. In the protein,
the energy of the nx* excited state is almost unchanged;
however, the VDE increases up to 5.0 eV. The convergence
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of VDE to the bulk value is nonuniform. Adding positively
charged arginine leads to the most significant change in VDE
relative to the bare chromophore (about 3 eV). The cumula-
tive effect of other neighboring residues in the QM part
amounts to about 0.5 eV. The inclusion of the rest of the
protein leads to the —0.8 eV change in VDE relative to the
QM part. Unlike aqueous solutions, the inclusion of the
entire protein and water/counterions in QM/MM results in
the VDE decrease relative to the QM value. This is because
the stabilizing effect of the nearby charged arginine be-
comes partially screened by the environment. The VDE is
also very sensitive to the positions of solvating water mole-
cules and counterions outside the $ barrel despite the large
size of the system (R ~ 36 A). The magnitude of the observed
variations (up to 0.5 eV) suggests that thermal fluctuations
may strongly modulate the VDE.

Interestingly, microhydration of anionic HBDI (or pCA")
by just one water molecule at either end of the chromophore
is sufficient to push the continuum above the excited state.>®
For example, in the lowest isomer of the gas-phase mono-
hydrated anionic HBDI (water at the phenolate end), the
interaction with water results in 0.04 eV blue shift in the
excitation energy, whereas VDE is blue-shifted by 0.36
eV.3738 Thus, a single water molecule is sufficient to convert
the zzr* state from the resonance to the bound state.

A remarkably small effect of the protein on the excitation
energy>’ agrees with the experimental observations?3—3>
and earlier QM/MM calculations employing different
methodology,*® as well a recent QM/MM study of PYP.*°
Gas-phase action spectroscopy studies®>~3> of deproto-
nated HBDI have reported vertical excitation energy of
2.6 eV, which is very close to the absorption maximum of
GFP at 2.54 eV." Even though the effect of the protein on the
excitation energy is small, it plays a crucial role in GFP
photophysics by changing the shape of potential energy
surfaces (PESs), as discussed in section 4.

The effect of polar solvents such as water is more sig-
nificant; for example, the blue shift of about 0.2 eV has been
observed for the anionic form in ethanol.*' Moreover, due to
changes in electronic state character along cis—trans
(or more precisely Z—E) isomerization reaction coordinates,
solvation has a pronounced effect on the ground-state
isomerization barrier of the deprotonated HBDI; for exam-
ple, the gas-phase value (computed by multireference and
DFT methods) is reduced by more than 10 kcal/mol due to
solvent stabilization (estimated using polarized continuum
and explicit solvent models) of a charge-localized wave
function at the transition state (in terms of the Hiickel model,
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FIGURE 5. Left: FCFs [computed using RI-MP2 and SOS-CIS(D) optimized structures] and the OPA spectrum computed within Condon approximation.
Right: OPA and TPA spectra computed using vibrational FCFs and including explicit dependence of the transition moments on nuclear geometry

(non-Condon effects). See ref 42 for details.

the twisted structure results in the zero ovetlap between the
bridge carbons' p-orbitals, which detunes the resonance
leading to charge localization).**

4. PES Shapes, Spectroscopy, and Excited-
State Dynamics

Photoinitiated dynamics governed by excited-state PES de-
fines the GFP photocycle. Differences in the PES shapes
between the ground and excited state give rise to
Franck—Condon progressions. Structural relaxation of an
electronically excited chromophore, its environment, or
ESPT determines Stokes shifts. Most importantly, optical
output and brightness are controlled by radiationless relaxa-
tion via conical intersections between excited and ground-
state PESs.

The MO framework developed in section 2 explains
structural changes induced by electronic excitation. In the
anionic form, excitation leads to moderate bond-length
increase (0.04—0.05 A) for both bridge CC bonds. The
structural relaxation gives rise to several vibrational
progressions*? shown in Figure 5 (top) including bridge
deformation modes as well as a variety of ring breathing
and bending.

The computed spectrum can be compared with the HBDI
action spectrum.®> As discussed in ref 42, the spectrum
based on Franck—Condon factors (FCFs) computed within
double-harmonic parallel mode approximation (shown in
Figure 5) agrees well with the experimental one at low
energies, and is more narrow at higher energies, which
could be due to either anharmonic effects (neglected in the
simulations) or incomplete deconvolution of the ionization
and, especially, autoionization channels in the experiment.

A dlose inspection of the vibrational spectrum computed
by convoluting the corresponding FCFs (see Figure 5) reveals
an interesting feature. Note that it is the 0—0 transition and
not the vertical one that has the largest individual FCF.
However, the higher density of peaks corresponding to
combinations of low frequency modes in the region be-
tween 300 and 400 cm ™' serves to shift the peak of the
simulated spectrum. Thus, in large molecules, the peak
maximum is likely to be blue-shifted relative to the 0—-0
transition and red-shifted relative to vertical electronic en-
ergy difference, which should be kept in mind when com-
paring experimental spectra with electronic structure
calculations.

Further changes (a blue shift of 30 cm ! in the peak
maximum) in the spectrum are observed when explicit
dependence of the transition dipole moment on the nuclear
geometry (non-Condon effects) is included. The effect is
further enhanced in the two-photon absorption (TPA) cross
sections (computed using TDDFT/B3LYP and CIS) owing to
their quadratic dependence on transition dipole moments.
This results in a blue-shifted TPA spectrum (relative to OPA)
by 500 cm~', which is in excellent agreement with the
experimentally reported shift of 700 cm .

The structural changes in the neutral HBDI are differen
the CpCg bond contracts by 0.04 A, whereas the (formally
double) CgC; bond elongates by 0.08 A. The net effect is
reduced bond alternation. The energetic relaxation in the
excited state is also larger in the neutral form: 21 kcal/mol
versus 4 kcal/mol in the anionic form.'®

These different structural relaxation patterns have con-
sequences for excited state isomerization processes. For
example, dynamical simulations'® demonstrated that the

t;18
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FIGURE 6. Model chromophores representing FPs of different colors: EGFP, wt-GFP, BFP, CFP, DsRed, and TagBFP.

cis—trans isomerization is gated by the protonation state of
the phenolate oxygen; in the neutral chromophore, the
excited state torsional dynamics involves rotation around
the CgC, bond, whereas in the anion the rotation around
CgCp is preferable.

Most importantly, protonation state affects the barrier
height separating planar Franck—Condon relaxed structure
from conical intersection.'®4* Whereas the barrier is
less than 2 kcal/mol in the anionic chromophore, it is 8—9
kcal/mol in the protonated one. Low barrier in the anionic
chromophore is consistent with the observed lack of fluor-
escence of the isolated chromophore in the gas phase and in
solutions. Thus, the role of protein in changing the shapes of
the PESs is very important.

5. Controlling the Colors by Structural Mod-
ifications of the Chromophore

Imaging applications rely on availability of FPs with specific
absorption and emission wavelengths, for example, for
color-coding different proteins and cell organelles, devising
optimal FRET partners, or pairs of FPs for single excitation-
dual emission imaging (which can be achieved by combin-
ing two FPs with small and large Stokes shifts). After more
than a decade of intense research, the FPs today cover the
entire visible spectrum,z'3 including the red (and far-red) end
of the rainbow (absorption/emission above 600 nm or
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below 2.07 eV), which is of particular importance for mam-
malian deep tissue imaging.**

The colors can be tuned up by changing the chromo-
phore structure or modifying its environment. Let us discuss
structural motifs leading to different colors (see Figure 6).

As follows from the Huckel model analysis, lower-energy
absorption is achieved by having optimal resonance be-
tween the two moieties connected by the allylic bridge. For
example, protonation of the anionic HBDI chromophore
(as in wt-GFP) or replacing the phenolate ring by His or Trp
(as in BFP or ECFP*?) leads to a blue-shifted absorption
relative to anionic HBDI (e.g., in EGFP) that features almost
perfect resonance interaction.

Alternatively, as can be rationalized from the particle-in-
the-box model, colors can be tuned up by changing the size
of the chromophore. For example, most of the red-emitting
FPs share the DsRed-like chromophore with the GFP chro-
mophore s-system extended by additional (acylimine) dou-
ble bond.*® Reducing the allylic bridge leads to a smaller
imidazolinone-acylimine structure characterized by blue/UV
absorption.*” ~>° Calculations [using SOS-CIS(D) and EOM-
CCSD)] predict that, among several possible protonation
forms of this blue chromophore, the lowest-energy absorp-
tion is observed in the anionic and zwitter-ionic forms that
exhibit optimal resonance,®’ whereas protonation of the
imidazolinone oxygen leads to 1 eV blue shift.



Recently, a new motif for achieving red-shifted absorp-
tion has been proposed.?®> Ab initio calculations have de-
monstrated that two-electron oxidation of anionic HBDI
leads to a positively charged quinoid structure with 0.6 eV
red-shifted absorption. The red shift in this cationic structure
(proposed as a candidate for the chromophore in oxidative
redding®?) is due to strong stabilization of the virtual orbitals
by the positively charged core (thus, it cannot be explained
by the Huckel model alone).

6. Conclusions and Outlook

Computer modeling is a powerful tool for understanding
and predicting properties of FPs. Quantum chemistry calcu-
lations can be used to refine structures, characterize optical
properties, compute barriers along reaction coordinates,
and more. Most importantly, sophisticated ab initio calcu-
lations provide a basis for developing simple qualitative
models explaining general trends in electronic structure
of FPs.

Using our experience with modeling properties of FP, we
would like to highlight strengths and weaknesses of the
current quantum chemistry methodology.

An important challenge for theory stems from the size of
the system. Even bare chromophores (e.g., HBDI) are quite
large for high-level ab initio methods. In QM/MM and
QMV/EFP approaches that allow one to include the effect of
the protein environment, the QM part often includes several
neighboring residues, which further increases the cost of the
calculations. However, innovative computer codes®3~>7
including recent GPU-based implementations®® enable
accurate calculations on a variety of chromophores and
chromophores with neighboring residues. For the ground-
state properties (structures, frequencies), RI-MP2 and DFT
(with appropriate functionals) methods yield reliable results
and the calculations are quite fast even with relatively large
bases such as cc-pVTZ. In excited-state calculations, the
SOS-CIS(D) method (which scales as N* when combined
with RI) has shown excellent performance; however, the
results need to be carefully analyzed, as the approach may
fail when the underlying CIS states are neatly degenerate.
These situations require methods such as EOM-CCSD, which
include both dynamical and nondynamical correlation in
one computational step and are particularly suitable for
describing interacting states of different character.>® A num-
ber of EOM-CCSD and even CC3 (a CC method that includes
perturbative triples correction) calculations have been
reported.'®2'25 Perturbatively corrected multireference
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calculations have also been performed with quite large
active spaces. 39436062

An alternative approach is based on carefully parame-
trized semiempirical models, such as ZINDO.®®* Compu-
tational protocols based on DFT/QM/MM geometry optimi-
zation and ZINDO/CIS allow one to compute excitation
spectra of the FPs for a fraction of the computational
time.4-°°

In addition to energy differences, calculations of other
electronic properties are crucial. For example, transition di-
pole moments are required to discriminate between dark and
bright states and to assess which electronic states are acces-
sible spectroscopically. Dipole moments and charge distribu-
tions in the ground and excited states help to understand the
interaction with the protein environment. For novel applica-
tions using nonlinear spectroscopies, properties such as TPA
cross sections are needed. While calculations of permanent
and transition dipole moments are routine and available for a
variety of wave functions, computational tools for nonlinear
properties (such as TPA) are relatively scarce.”

Finally, the modeling dynamics is often desired to under-
stand lines shapes, Stokes shifts, and fluorescence quantum
yield. Several such calculations on complex systems have
been reported;*®°® however, to make dynamics simulations
routine, much faster electronic structure codes are needed.
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