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1. INTRODUCTION

The unique properties of green !uorescent protein (GFP)
exploited in novel bioimaging techniques have revolutionized
many areas in life sciences1!3 and motivated numerous experi-
mental and theoretical studies.4!6 Yet, intrinsic electronic prop-
erties of the chromophores and their interactions with the
protein matrix are not fully understood.

The gas-phase studies of model chromophores characterize
intrinsic details of their electronic structure and provide impor-
tant benchmarks for theory.7!10 However, for a complete
understanding of GFP photophysics, the characterization of
chromophore!protein interactions is mandatory.

The protein environment plays a crucial role in the GFP
photocycle. For example, the bare chromophore does not
!uoresce in gas phase and solutions. The excited-state life-
time drops by 4 orders of magnitude, i.e., from nanoseconds in
the protein to subpicosecond in solutions.4 This dramatic change
is attributed to the restricted range of motion of the chromo-
phore in the protein, although the details of radiationless
relaxation in protein and solutions have not yet been completely
resolved.

The protein can also a"ect the energy and the character of
excited states. Governed by electronic density distribution pat-
terns, the protein-induced shifts may be nonuniform for di"erent
excited states thus changing the respective energy gaps and
even the relative state ordering. Interestingly, gas-phase action
spectroscopy experiments7!9 on the GFP chromophore have

reported a vertical excitation energy of 2.6 eV, which is remark-
ably close to the absorption maximum of GFP at 2.54 eV.1 This
#nding has been con#rmed by the QM/MM (quantum me-
chanics/molecular mechanics) calculations with the CASPT2
approach in the QM part,11 which determined that the interac-
tions with protein (in the so-called I-form referring to the resting
anionic state of the chromophore) result in 0.02 eV red-shift
relative to the isolated chromophore (this theoretical value
agrees well with the experimental shift of 0.06 eV). Thus, the
protein environment has a negligible e"ect on the excitation
energy of the bright state.

One may expect a much stronger e"ect on the ionized states
of the chromophore, and, consequently, electron detachment
energies (DEs). A characteristic feature of the anionic forms of
photoactive protein chromophores is their low DE.12,13 For
example, the vertical detachment energy (VDE) of deprotonated
HBDI in gas phase is 2.5 eV,9,12,14 which is below the vertical
excitation energy of the bright state at 2.6 eV.7!9 Thus, the bright
state is a metastable state embedded in the photodetachment
continuum. Such resonance states have #nite lifetimes leading to
spectral line broadening. Low DEs of the anionic chromophores
may play a role14 in the recently observed photoconversion
(oxidative redding).15 Thus, an important question is how the
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protein environment a"ects the energy gap between the de-
tached and electronically excited states.

In the context of the condensed-phase chemistry, reduction/
oxidation potentials are used to characterize the propensity of
molecules to accept or to donate electrons. VDE is related to the
oxidation potential: smaller VDEs correspond to more positive
values of the oxidation potential (or less positive/more negative
values of the reduction potential for the inverse reaction).
Thus, we also estimate the respective values of the GFP oxida-
tion potential. The redox properties of the GFP chromophore
have not yet been characterized quantitatively. Two studies
have determined reduction potentials of the so-called redox-
sensitive GFPs (roGFPs), which change the !uorsecense in
response to the oxidation of the surface cysteine groups16,17

(thus, the measured potentials correspond to the cysteine
oxidation and not the chromophore). Another study reported
reduction potential of the chromophore (resulting in the non-
!uorescent form) in wtGFP.18

Singlet oxygen photosensitization by GFP and its mutants
as well as formation of other reactive oxygen species (ROS)
enables applications of GFPs in chromophore assisted laser
inactivation.19!22 Production of singlet oxygen reported for a
number of GFP derivatives19,21,23 points to a population of the
excited triplet state of the chromophore. Moreover, triplets have
been involved in a recently proposed mechanism of anaerobic
photoswitching of GFP to a red-emitting form.24 Thus, the
characterization of the lowest triplet state is also of interest.

In addition to solvatochromic shifts of the chromophore’s
states, the protein may lead to new electronic states associated
with the chromophore, which do not exist in the gas phase, such
as CTTS (charge-transfer-to-solvent) states. The CTTS states,
which are common in condensed phase, correspond to promot-
ing an electron from an orbital localized on a chromophore to an
orbital occupying nearby voids and stabilized by the interactions
with solvent molecules.25!28 They appear below the completely
ionized states and are thought of as the gateway states for the
production of solvated electrons.29,30 For example, the DE of
aqueous iodide26 is considerably larger that the respective gas-
phase value (7.2 eV versus 3.0 eV), and an optically bright CTTS
band appears at 5.4 eV. The existence of a suitable nearby cavity
(of 2!6 Å) is crucial for the CTTS state to exist.26 In aqueous
solutions, instantaneous voids appear due to the thermal !uctua-
tions of solvent, however, in tightly packed proteins such cavities
may not be available.

The focus of this work is on characterizing protein e"ects on
the electronically excited and ionized states of the GFP chromo-
phore and elucidation of the existence of CTTS states. We
present the results of electronic structure calculations of the
GFP chromophore in the protein environment using a variety of
QM/MM approaches. While the excited states of the chromo-
phores have been extensively characterized computationally4,6

both in the gas-phase in and protein environment, the electron-
detached states have began to attract attention only recently.12,14

Experimentally, electron-detachment channel in the gas phase
was characterized by Forbes and Jockusch.9 Lukyanov and co-
workers15 discovered the ability of GFP to be a light-induced
donor of electrons in their study of oxidative redding.15 Based
on the observation that this property is common to many
diverse GFPs, they made an intriguing suggestion that this light-
driven electron transfer may be a primary function of the GFP
ancestor and that other secondary functions (i.e., participation
in bioluminescence and protection from sunlight) evolved later.

The production of solvated electrons (and transient absorption
of the ionized deprotonated HBDI radical) have been observed
for HBDI in solutions,31,32 and it was suggested31 that the
ionization pathway may exist in GFP chromophore bound to
the protein and that transient absorption at 1.97!2.48 eV
observed in the pump!probe experiment33 might be due to
solvated electrons rather than excited-state absorption.34 How-
ever, the CTTS states and production of solvated electrons in
the GFP have not yet been observed experimentally.

2. COMPUTATIONAL DETAILS

The model system mimicking GFP was constructed based on
the crystal structure 1EMA35 from the PDB database.36 This
structure corresponds to the protein with a point mutation
Ser65Thr from the wild-type GFP in which the chromophore
is believed to be in the anionic form. The model exploited in the
above-mentioned work of Olivucci et al.11 relied on another PDB
structure, 1GFL,37 of the wild-type GFP, in which the chromo-
phore is neutral and Glu222 is unprotonated. The coordinates of
heavy atoms from the 1EMA structure were augmented by the
hydrogen atoms, the side chain of the residue at the 65 position
was set to Ser as in the wild type. We assumed that the Glu222
side chain was protonated, and the neutral form of His148 with
the proton on the nitrogen atom oriented toward phenolate
oxygen. Then the atomic coordinates of the model system were
optimized by the QM/MM technique using the !exible e"ective
fragment potential (EFP) method38!40 with PBE0/6-31G(d)
(ref 41) in the QM part and the AMBER force #eld parameters42

in the MM part.
The chromophore and the side chains of Glu222, Arg96 and

Ser205, His148 as well as two water molecules were assigned to
the quantum subsystem, as shown in Figure 1. The chromo-
phore is in the anionic form, and Arg96 is positively charged.
Thus, the QM part is neutral. The atoms of theMM-part (2,181
in total) were grouped in 639 e"ective fragments (including 6
bu"ers) parameters of which were optimized previously.43 The
outer layer of the MM part was frozen, whereas the layer
surrounding the QM part were allowed to relax in the geometry
optimization. The details of the separation of the MM part
into the frozen and !exible layers are given in the Supporting
Information.

The QM/MM optimized model was augmented by the rest of
the protein atoms from 1EMA PDB structure. The resulting
system was extensively solvated by approximately 6000 water
molecules, and the total charge on the protein was neutralized by

Figure 1. Left: Optimized structure of the GFP solvated in 6000 waters
and 20 counterions. Right: The QM part mimicking the binding pocket
of GFP. The chromophore is in the anionic form, the arginine residue is
positively charged, and the rest of the residues in QM are neutral.
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counterions: 13 positive and 7 negative counterions were added
to neutralize locally negatively and positively charged surface
residues. The solvation shell was #rst optimized (1000 optimiza-
tion steps) and then equilibrated by molecular dynamics (MD)
simulations. In the MD calculations, all protein atoms except the
charged surface residues were frozen, and the solvent molecules
and counterions were allowed to move. The constant tempera-
ture MD simulations were performed for the NVT ensemble at
300 K by using the Langevin thermostat. The simulations were
carried out with a 1 fs integration step for 2 ns. All long-range
electrostatic interactions were computed by using the particle
mesh Ewald method. The constrains were imposed on the part of
the protein taken from the equilibrium geometry con#guration of
the QM/MM model. The NAMD 2.6 software suite44 was used
for MD simulations.

Twenty (each 100 ps) and 10 (each 200 ps) snapshots along
the MD trajectory were used for VDE and excitation energy
calculations, respectively. The average values computed along
the MD trajectory are our best estimates (see the Supporting
Information).

Figure 1 shows the entire solvated structure and the QM
subsystem mimicking the chromophore binding pocket of the
protein. These structures were used for vertical excitation and
detachment energy calculations. To investigate the e"ect of
di"erent interactions on electronic states and the convergence
of the results with respect to the system size, we also computed
excitation and detachment energies in smaller clusters derived
from the full QM system described above (e.g., chromophore"
arginine, chromophore " arginine " water, etc.).

The excitation and detachment energies were computed using
CIS, !B97X-D,45,46 and SOS-CIS(D).47 We performed the
following series of calculations: (i) bare model chromophore
(deprotonated HBDI) at the geometry in the gas phase from ref
12 optimized by RI-MP2/cc-pVTZ; (ii) bare chromophore from
the QM/MM model system (see Figure 1) at the geometry in
the protein; (iii) series of QM calculations for the clusters of
increasing size; (iv) QM/MM with the chromophore and
selected neighboring residues in the QM part, and the rest of
the protein/water/counterions described by point charges from
the CHARMM force #eld.

Attachment/detachment density analysis48 was used to char-
acterize changes in electronic density upon electronic excitation
in calculations (iii). In this approach the di"erence density matrix
for the ground and excited states is decomposed into the
detachment and attachment densities describing charge removal
from the ground electronic state and its rearrangement in the
excited electronic state.48

Calculations (i) and (ii) allowed us to quantify the shifts due to
the chromophore geometry change in the protein (as well as the
di"erence between HBDI and the chromophore representation
in the QM/MM calculations). Calculations (iii) illuminated the
e"ect of di"erent residues on the relative positions of the
detached and excited states.

As noted in ref 26, inclusion of long-range solvent electrostatic
potential is essential for the converged detachment energies, e.g.,
the computed DE of iodine increased by about 2 eV when the
#rst solvation shell of iodide and six water molecules (QM) was
encapsulated in a cluster of additional 858 MM waters. Even
slower convergence of VDE with respect to the model system
size was reported in a recent computational study49 in which the
convergence of VDE of aqueous chloride required using the box
size of 30 Å including about 4,000 water molecules. Relatively

slow convergence of ionization energy with respect to the system
size (a simulation box of 36 Å containing approximately 1,500
waters was used) was observed in a recent study of a neutral
chromophore, a thymine molecule solvated in water.50

We compute VDE and vertical excitation energies of the bright
""* state by using energy additivity approaches designed to take
advantage of error cancellation, similarly to our calculations in
refs 12, 14, 51, and 52. For example, neither DFT nor Hartree!
Fock/Koopmans theorem (HF/KT) values of VDEs are su$-
ciently accurate, however, the e"ect of electron correlation
can be estimated for the bare chromophore (HBDI) and then
used to extrapolate the !B97X/6-31"G(d,p) values computed
for larger clusters. Likewise, the e"ect of increasing basis set can
be estimated using HF/KT calculations.

To reliably estimate relative positions of di"erent electronic
states, we employ two complementary strategies. The #rst one is
a brute-force approach: we compute vertical excitation energies
of the valence and the CTTS-like excited states by using the SOS-
CIS(D) method47 with the 6-31(2",")G(d,p) basis set. The
SOS-CIS(D) method has been found to yield accurate excitation
energies for the valence states in several recent studies.12,14,53,54

For the bright state of HBDI, the SOS-CIS(D)/aug-cc-pVTZ
excitation energy is equal 2.72 eV, which is in excellent agreement
with experimentally derived value and higher-level calculations.12

However, we have to reduce the basis set size for calculations of
larger clusters. We evaluate the e"ect of using reduced basis set
by comparing the aug-cc-pVTZ and 6-31(2",")G(d,p) results
for bare HBDI.

The results discussed below are our best estimates obtained
using the above strategies. The raw data (!B97X and HF/
Koopmans VDEs, CIS excitation energies, etc.) are given in
the Supporting Information. Calculations were performed with
the Q-CHEM55 and PC-GAMESS56,57 electronic structure
packages.

3. RESULTS AND DISCUSSION

Figure 2 shows energy levels of deprotonated HBDI in the gas
phase14 and in the protein environment as well as in the model
QM clusters of increasing size. For the anionic form, the bright
excited state is at 2.6 eV12 vertically and the VDE is 2.5 eV. The
excited state is derived by a ""*-like excitation, and the detached

Figure 2. Energy diagram of the relevant electronic states of the bare
HBDI chromophore and the chromophore in di"erent environments.
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state corresponds to the removing an electron from the " orbital
(" is the HOMO, and "* is the valence LUMO).

In the protein, the energy of the ""* excited state is almost
unchanged; however, the VDE increases up to 5.0 eV. The VDE
is found to be quite sensitive to the positions of counterions and
solvating water molecules, e.g., the VDEs computed for the
several structures used in this study vary between 4.6!5.2 eV
(5.0 is the best estimate, see section 2), whereas the ""*
excitation energy varies between 2.68 and 2.74 eV.

To analyze the e"ect of di"erent interactions, we #rst consider
the dependence of VDE on the system size. Table 1 presents
the changes in VDE relative to the reference HBDI computed
using Koopmans theorem (KT) and as energy di"erences
(!E scheme) using !B97X-D. At the HF/KT level, the VDE
does not change when the basis is increased from 6-31(",")G(d,p)
to 6-31(2",2")G(d,p). The changes computed using !E
scheme with !B97X-D follow a similar trend, although they
are 0.2 eV lower than theHF/KT values. Close inspection of Table 1
reveals that this di"erence is due to the discrepancy in the change of
the VDE due to structural di"erences between gas-phase HBDI and
the chromophore representation in the protein. Since the respective
structureswere computed using higher-levelmethods, we expect that
!B97X-D describes this change more reliably.

As one can see, adding positively charged arginine leads to the
most signi#cant change in VDE relative to the bare chromophore
(about 3 eV). The cumulative e"ect of other neighboring
residues in the QM part amounts to about 0.5 eV. However,
the inclusion of the rest of the protein is important for the
converged result leading to the !0.8 eV change in VDE relative
to the QMpart. As mentioned above, the VDE is very sensitive to
the positions of solvating water molecules and counterions
outside the # barrel despite a large size of the system (R ! 36 Å).
Themagnitude of the observed variations (up to 0.5 eV) suggests
that thermal !uctuations will strongly modulate the VDE. 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 e"ect of the nearby charged arginine
becomes partially screened by the environment.

The converged VDE value in QM/MM (using averaged value
along MD trajectory, see section 2) is 5.22 eV at the !B97X-D/
6-31(")G(d,p) level. To account for electron correlation/basis
set, we correct this value by the di"erence of the respective VDEs
of HBDI with our reference value of 2.50 eV from refs.12,14 which
includes EOM-IP (equation-of-motion coupled-cluster method

for ionization potentials, see, for example, ref 58) correction and
basis set extrapolation. Our best estimates for absolute values of
VDEs of model clusters are obtained by adding !0.23 eV
correction, the di"erence between the extrapolated VDE of HBDI
and the respective !B97X/6-31(")G(d,p) value, to the respec-
tive !B97X/6-31(")G(d) VDEs. The HF/KT values can be
similarly adjusted by using!0.38 eV correction giving rise to the
VDEs which are 0.2 eV higher that those computed with!B97X/
6-31(")G(d,p).

Thus, we arrive to 4.99 eV as our best estimate of the VDE
of the anionic GFP chromophore in the solvated protein envi-
ronment.

The excitation energy of the bright state is less sensitive to the
environment, in agreement with ref 11, and in spite of di"erent
startingmodels. Table 1 shows that 0.1!0.2 eV changes due to the
interactions with nearby residues and structural changes of the
chromophore cancel out resulting in essentially the same value as
in the gas phase. The converged value of excitation energy in
the protein 2.70 eV is in good agreement with experimental data
2.51 and 2.54 eV for wild-type GFP (B band) and EGFP,
respectively.1,2

The e"ect of the protein environment on the lowest triplet
state of the chromophore (see Table 2 and Figure 2) is very
similar to that of the singlet state, which is not surprising given
that the two states are derived from the same pair of orbitals.
The computed energy of T1 in the largest considered model

Table 1. Changes in VDE (eV) Relative to the Reference Value in the Gas-PhaseModel Chromophore (DeprotonatedHBDI) and
the Extrapolated VDEs (eV)

system !B97X-D/6-31(")G(d,p) KT/6-31(",")G(d,p) VDE (extrapolated)

HBDI 2.73 2.88 2.50a

Chr "0.49 "0.67 2.99

Chr"Arg "2.61 "2.98 5.11

Chr"Wat "0.88 "1.06 3.38

Chr"His "1.06 "1.27 3.56

Chr"Arg"Wat "3.16 "3.34 5.66

Entire QM "3.33 "3.56 5.83

QM/MM "2.19!"2.67 4.69!5.17

QM/MM, best estimate "2.49 4.99
aThe best estimate of HBDI VDE is 2.50 eV based on the following data: KT/6-31"G(d)=2.91 eV, EOM-IP/6-31"G(d)=2.48 eV, KT/6-311(2",")
G(2df,2pd)=2.93 eV. The KT/6-31(2",")G(d,p) and KT/6-31(2",2")G(d,p) values are identical.

Table 2. Vertical Excitation Energies of the Bright 1!!* State
and 3!!* Computed by SOS-CIS(D) with the 6-31(2",")
G(d,p) Basis Seta

system 1""* 3""*

HBDI 2.62 (1.54)b 1.86b

Chr 2.47 (1.34) 1.82

Chr"Arg 2.35 (1.61) 1.59

Chr"Wat 2.59 (1.24) 1.96

Chr"Arg"Wat
b

2.61 (0.95) 1.73

Chr"Arg"His"Wat 2.41 (1.64)

QM 2.56 (1.48)

QM/MM 2.68!2.74

QM/MM, best estimate 2.70
aOscillator strengths (CIS) are given in parentheses. b SOS-CIS(D)/
cc-pVTZ, ref 12.



8300 dx.doi.org/10.1021/jp2020269 |J. Phys. Chem. B 2011, 115, 8296–8303

The Journal of Physical Chemistry B ARTICLE

(Chr"Arg"Wat) is 1.73 eV, which is slightly below the value
reported12 for HBDI, 1.84 eV [SOS-CIS(D)/cc-pVTZ, ref 12].
3.1. Do CTTS States Exist in the Protein?As evident from the

energy diagram shown in Figure 2, the energy gap (>2 eV)
between the bright excited state of the chromophore and
detachment continuum suggests possible existence of the CTTS
states, which commonly occur in polar solutions.25!28 We
investigated the intriguing possibility of finding such states in
the protein by performing excited state calculations on the
clusters of increasing size using the bases sets augmented by
several diffuse sets.12 The CTTS states would appear as excited
states with low (but nonzero) oscillator strength at energies
below VDE, and their wave functions should feature a diffuse
target orbital in a proximity of the chromophore. The excitation
energy of these CTTS states can be computed directly by, for
example, SOS-CIS(D) method, or in a two-step procedure
combining the CIS estimate of the so-called vertical binding
energy (VBE) of the CTTS state (the difference between the CIS
energy of this state and the Koopmans VDE) with an accurate
value of VDE. Whereas the absolute CIS excitation energies
are rather crude, the CIS VBEs are found to be accurate. For
example, in our model systems the excitation energies of the
CTTS states computed with SOS-CIS(D) are within 0.2 eV from
the values estimated based on the CIS VBEs. The results for a
series of such calculations for molecular clusters including the
chromophore are given in Supporting Information; here we only
summarize the main conclusions.
In small clusters (Chr"Wat, Chr"Arg, Chr"Arg"Wat),

CTTS states appear at 2.7!3.1 eV (the respective VBE varies
from 0.1 to 2.5 eV), as shown in Figure 3 and Table 3. The wave
function analysis using attachment-detachment densities reveals
that the target orbital resides near the positively charged arginine
residue. Note that in the Chr-Arg-Wat cluster, the ""* and the
CTTS states happen to be degenerate at the CIS level, and their
wave functions are strongly mixed. The degeneracy is removed at
the SOS-CIS(D) level, however, owing to a perturbative char-
acter of (D), the SOS-CIS(D) results should be considered with
caution in this case.
As quantum system is increased, the CTTS states are pushed

outside the QM region, and no CTTS excited states at energies
below the respective VDEs are found with electron density
localized inside the QM part. Note that typical size of the cavities
required to accommodate solvated electrons is about 4 Å in
diameter.30,59!62 A basic cavity analysis of the GFP crystal-
lographic structure (PDB ID 1EMA) performed using the
SPDBV 4.01 software has shown that the cavities in the proximity
of the chromophore (within 10 Å) are less than 4 Å in diameter
and are, therefore, too small to accommodate a CTTS electron.
Thus, we conclude that a tightly folded structure of this GFP does
not have cavities that could support CTTS states. However,
other mutants may have water-#lled cavities that are su$ciently
large to accommodate CTTS states.
3.2. Effect of Hydrogen Bonding on the Electron-

Detached andValence Excited States.As demonstrated above,
the interactions with protein matrix and a nearby water molecule
strongly affect the relative ordering of the ionized and excited
states. In this section, we focus on the interactions of the
chromophore with one water molecule. As revealed by the crystal
structure, there is a water molecule hydrogen-bonded to the
phenolate oxygen. In the QM/MM optimized structure (see
Figure 1), the distance between the water’s oxygen and phenolate
oxygen atoms is 2.60 Å. Not surprisingly, the lowest energy

isomer of monohydrated HBDI also features water at the
phenolate end (the respective H 3 3 3O distance is 1.732 Å).63

The effect of microhydration on the excitation energy is rather
small, i.e., in the gas-phase structure, it results in 0.04 eV blue
shift [computed by SOS-CIS(D)/6-31"G(d,p)]. However,
VDE is blue-shifted by 0.36 eV due to stabilizing effect of
microhydration on the anionic species. Thus, a single water
molecule is sufficient to convert the ""* state from a resonance
into a bound state.
We observe similar e"ect of hydrogen bonding for the

chromophore-water model structure from the QM/MM calcula-
tions (see Table 1). The VDE of Chr-Wat cluster is 0.39 eV
higher than that of the bare chromophore. Interestingly, the
h-bonding has even stronger e"ect on the VDE of the Chr-Arg
cluster (characterized by relatively large VDE of 5.11 eV); adding
water to this system increases the VDE by 0.55 eV.
By changing the gap between the detached and the ""* state,

the interactions with water molecule also a"ect the CTTS-like
state. An interesting e"ect is observed in Chr-Arg-Wat model
system, where the""* and the CTTS-like states are happen to be
degenerate at the CIS level, and their wave functions become
strongly mixed (see Figure 3 and Table 3). Consequently, the
oscillator strengths is split almost equally between these two
states (0.67 and 0.92). This accidental degeneracy can be
removed by varying the Chr-Wat distance (see the Supporting
Information).

Figure 3. Excitation energies of a CTTS-like state [SOS-CIS(D)/6-
31(2",")G(d,p)] in di"erent QM clusters mimicking the GFP active
site. The CIS binding energies (eV) of the CTTS states and the
attachment densities of the CIS wave function are also shown.

Table 3. VBE (eV) of the Lowest CTTS-Like State Computed
by CISa

system 6-31(",")G(d,p) 6-31(2",")G(d,p) 6-31(2",2")G(d,p)

Chr"Arg 2.36 (0.05) 2.46 (0.01) 2.46 (0.01)

Chr"Watb !0.30 0.08 0.11

Chr"His !0.15 (0.01) 0.20 (0.05) 0.19 (0.05)

Chr"Arg"
Watb

2.55!2.59

aThe oscillator strengths of the CTTS state is given in parentheses.
bThe CTTS state is strongly mixed with the bright state leading to
intensity borrowing.
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To analyze the e"ect of hydrogen bonding on the CTTS-like
state, we performed a series of calculations for the Chr"Arg"
Wat and Chr-Wat model systems with O(Chr)!O(Wat) dis-
tance gradually increased from 2.6 to 3.65 Å (see Supporting
Information). As H2O is pulled away from the chromophore, the
VDE decreases approaching the respective Chr (or Chr-Arg)
values. The CTTS-like state closely follows the VDE trend, thus,
its VBE remains nearly constant (2.50!2.59 eV in Chr"Arg"
Wat) in this range of hydrogen bond length. The energy of the
""* state slightly decreases.
3.3. Standard Oxidation Potential of the Anionic Form of

GFP. Standard oxidation potential of anionic GFP

GFP! f GFP• " e! #1$

is of interest in connection to the so-called oxidative redding,14,15

a new type of photoconversion. Lukyanov and co-workers have
discovered that in the presence of oxidants and upon illumination
by 488 nm (2.54 eV) light, EGFP and a number of other GFP
mutants are converted to a red-emitting form.15 GFP irradiated
by 488 nm (2.54 eV) light was reported to reduce a number of
biologically relevant electron acceptors including cytochrome c
(E!0 = 0.22 V), flavin mononucleotide (FMN, E!0 = !0.22 V),
and nicotinamide dinucleotide (NAD", E!0 = !0.32).15 The
standard reduction potentials are from Supporting Materials of
ref 15. The first step in elucidating the mechanism of oxidative
redding is, therefore, to test whether GFP can be oxidized in its
ground electronic state or the above oxidative agents can only
remove an electron from the electronically excited chromophore.
Moreover, the redox properties of GFP may be of a broader
significance, e.g., in a context of its potential role as a light-driven
electron donor15 or fluorescent redox sensors.16,17

Calculations of standard reduction potentials (E!) require
estimation of the free energy di"erence for reaction (1), and
di"erential free energy for the solvation of GFP! and the
respective oxidized species, GFP.
Neglecting!pV and entropic terms (i.e., assuming that!Hr

0 =
!Er and !Sr

0 = 0), the free energy change of reaction (1) can be
approximated by adiabatic detachment energy (ADE). We
computed ADE by using the best estimate of the VDE given in
Table 1 and the relaxation energy (i.e., ground-state energy
di"erence of GFP 3 at the optimized geometries of the original
anionic structure and the electron-detached radical). The geo-
metry of electron-detached GFP was optimized using the same
QM/MMmodel as for anionic GFP. Then single point !B97X-
D/6-31"G(d,p) calculations were performed for GFP 3 at both
equilibrium geometries using cluster model with the quantum
part geometry extracted from the QM/MM optimized struc-
tures. The resulting relaxation energy is 0.16 eV, which is very
close to the gas-phase value 0.15 eV reported in ref 14. The ADE
derived using our best estimate of VDE (4.99 eV) is thus 4.83 eV.
E!, the reduction potential with respect to the standard

hydrogen electrode, is de#ned as follows:

E! % !!G!
nF

#2$

where !G! is the di"erence of the negative of the free energy
change for half-reaction (1) approximated by negative of ADE
and proton one-electron reduction (!4.36 eV, ref 64). This
yields E! = 0.47 V.
For the biological applications,16,17 it is more appropriate to

consider reduction potential at the physiological conditions, E!0,

that is at pH = 7 and T = 25 !C. This potential can be computed
from E! & E(pH 0) by using the Nernst equation:

E!0 % E!! 0:059' pH #3$

where E!0 and E! are measured in V. Using eq 3 we neglect the
e"ects of the pH change on the protonation state of the protein
acidic/basic residues, which can in!uence ionization energy of
the chromophore. Since in our calculations, we employed the
proteinmodel in the standard protonation states, it is appropriate
to report E!0 computed using eq 3, with the understanding
that our E! is an extrapolation to the pH 0. The computed E!0 is
0.06 V.
The E! value can be compared with a cruder estimate obtained

using an empirical calibration scheme65 based on computed
VDEs

E!, $x % #! 2:59 ( 0:26$ " #0:56 ( 0:03$ ' VIE #4$

which results in E! = !0.20 ( 0.41 V.
As discussed above, the computed VDEs are sensitive to the

representation of the environment (solvent, counterions), and,
therefore, E! can vary within the range of the VDEs given in
Table 1. For the lowest and highest QM/MM VDEs (Table 1),
E! calculated using eq 2 are 0.17 and 0.65 V, respectively. These
variations provide a conservative estimate of the error bar for the
computed E!.
Thus, the computed E! values show that GFP in the ground

electronic states is not able to reduce the compounds with E!
below 0.17 V (E!0= !0.24). Therefore, electronic excitation is
required to initiate oxidative redding.
The computed E!0 value of 0.06 V is more positive than E!0 of

roGFP (!0.3 V) corresponding to the two-electron surface
cysteine group oxidation.16,17 Thus, the calculations predict that
the anionic chromophore is a weaker reducing agent than the
surface cysteine groups, which is consistent with the fact that
chromophore is not oxidized in roGFPs.
It is also instructive to compare the computed E!with similar

systems. For example, deprotonated phenol (PheO!) can be
considered as a model system representing the anionic GFP
chromophore. The gas-phase adiabatic DEs for the phenolate
and deprotonated HBDI are close: 2.25366 and 2.39 eV,14

however, the computed standard reduction potential of GFP
(E! = 0.47 V) is much lower than the high pH E! values of
phenol in aqueous solutions (the reported experimental stan-
dard reduction potential for the PheO•/PheO! pair vary in
the range 0.79!0.86 V67!69). This is because the di"erential
solvation contribution to the standard reduction potential
di"er signi#cantly for bare PheO! in polar water solution and
negatively charged GFP chromophore shielded by the protein
matrix. One can expect that deprotonated HBDI in water would
have E! much closer to that of phenolate. The stronger solvent
stabilization of the anion in water (relative to the protein envi-
ronment) would make aqueous deprotonated HBDI a weaker
reducing agent than GFP. However, chromophore’s shielding by
the protein may strongly a"ect the kinetics of the electron transfer
thus reducing the e$ciency of the oxidation process.
In sum, the protein environment may play a dual role in the

redox properties of GFP. Thermodynamically, interactions with
the protein increase the reducing ability of GFP (relative to the
bare chromophore in water), however, kinetically, the protein
shielding protects the chromophore from oxidation. The kinetic
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e"ect may be responsible for the absence of solvated electrons in
GFP experiments,34 in contrast to the solvated HBDI studies.31,32

As far as oxidative redding is concerned, more detailed analysis
including estimation of standard oxidation potential of electro-
nically excited GFP is required for its mechanistic understanding.

4. CONCLUSIONS

We investigated the e"ect of the protein environment on the
electronic properties of the GFP chromophore. While the protein
has a very small e"ect on the character and excitation energy of the
singlet and triplet ""* states of GFP, its e"ect on the VDE is more
signi#cant (the VDE increases from 2.5 eV in the gas phase to
5.0 eV in the solvated protein). Based on the analogy with aqueous
anions, we expect that VDE of the bare chromophore is aqueous
solution would be even larger owing to more e$cient stabilization
of the anionic species in polar solvents.

To analyze redox properties of GFP, we estimated standard
reduction potential of GFP in its ground state, which is found
to be E! = 0.47 V (the respective value at the physiological
conditions is E!0 = 0.06 V). This E! value is smaller than that of
the aqueous phenolate (which is similar to deprotonated HBDI
and has especially the same gas-phase VDE). Thus, the interac-
tions with the protein increase the reducing ability of GFP
(relative to the bare chromophore in water), although kinetically,
the protein may slow down the oxidation reaction by shielding
the chromophore.

We also investigated the possible existence of the CTTS states
and found that a tightly packed GFP does not present cavities
suitable to accommodate a CTTS electron. However, GFP
mutants with larger water-#lled cavities in the vicinity of the
chromophore (such as KillerRed) may be able to support the
CTTS states.
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