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Fluorescent proteins have been widely used as genetically
encodable fusion tags to monitor protein localization and
dynamics in living cells.[1–3] Recently, a new class of green
fluorescent protein (GFP) like proteins has been discovered,
which can be reversibly photoswitched between a fluorescent
“on” and a nonfluorescent “off” state.[4–6] As the reversible
photoswitching of photochromic organic molecules, such as
fulgides or diarylethenes, is usually not accompanied by
fluorescence,[7] this switching reversibility is a very remark-
able and unique feature that may allow fundamentally new
applications. Hence, not surprisingly, these proteins hold
great promise in many areas of science beyond their
prominent use as triggerable markers in live cells. For
example, the reversible photoswitching, also known as
kindling, may provide nanoscale resolution in far-field
fluorescence optical microscopy much below the diffraction
limit—a break-through hardly imaginable until very
recently.[8–10] Since fluorescence can be sensitively read out
from a bulky crystal, the prospect of erasable three-dimen-
sional data storage is equally intriguing.

The GFP-like protein asFP595, isolated from the sea
anemone Anemonia sulcata, is a prototype for such a photo-
switchable protein. It is structurally and spectroscopically well
characterized,[11] but its detailed mechanism remains largely
unknown. In particular, it is unclear to what extent associated
proton-transfer events determine the optical properties of the
chromophore and, if they do, what their pathways are.

The protein asFP595 can be switched from its nonfluor-
escent “off” state with an absorption maximum at 2.18 eV
(568 nm) to the fluorescent “on” state by irradiation with
green light. From this so-called kindled on state, red
fluorescence emission is elicited by the same green light.
Upon kindling, the absorption at 2.18 eV diminishes, and an
absorption peak at 2.79 eV (445 nm) appears. This peak was
tentatively attributed to the absorption of a different proto-
nation state.[12] However, the nature of this state is unknown.

Eventually, asFP595 reverts back thermally to the off
state. This transition can also be triggered by irradiation with

2.79 eV blue light.[6] The switching cycle can be repeated
many times, a fact rendering asFP595 a promising fluores-
cence marker for optical microscopy.[13] Currently, however,
with a low quantum yield (< 0.1%[6]) and rather slow
switching kinetics, the photochromic properties of asFP595
leave much room for improvement. To systematically exploit
the potential of such switchable proteins and to enable
rational improvements to the properties of asFP595, a
detailed molecular understanding of the switching process is
mandatory.

Recently, high-resolution crystal structures of wild-type
(wt) asFP595 in its off state,[11,14,15] of the Ser158Val mutant in
its on state, and of the Ala143Ser mutant in its on and off
states[11] were determined. Similarly to GFP, the globular
asFP595 adopts a b-barrel fold, which encloses the chromo-
phore, a 2-acetyl-5-(p-hydroxybenzylidene)imidazolinone
(Figure 1), which is posttranslationally formed in an autoca-
talytic cyclization and oxidation of the Met63–Tyr64–Gly65
(MYG) triad. Spectroscopic data strongly suggest that the
photoswitching of asFP595 is accompanied by protonation-

Figure 1. Zwitterionic asFP595 chromophore (MYG) in the dark-state
trans conformation. a) MYG and adjacent side chains of binding-
pocket residues. Glu215, Ser158, and the crystallographic water
molecule W233 are hydrogen bonded to MYG, and His197 is p stacked
with respect to the MYG phenolate moiety. Color code: carbon
skeleton of the QM subsystem used in the QM/MM calculations (see
the Experimental Section) in turquoise, MM carbon atoms in orange,
nitrogen atoms in blue, oxygen atoms in red, sulfur atoms in yellow,
and the hydrogen link atoms capping the QM subsystem in magenta.
b) Schematic drawing of MYG, defining the atom names used in the
text. The protonation states of the chromophore pocket in asFP595
considered in the present study are a zwitterionic state (Z), an anionic
state (A), and a neutral state, with His197 singly (N) or doubly
protonated (N+). Hydrogen atoms characterizing the protonation
states are highlighted as spheres.
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state changes of the chromophore.[12] Additional evidence
comes from the related GFP, where proton-transfer processes
dominate photoswitching. In GFP, an anionic and a neutral
chromophore protonation state are interconverted through a
proton-relay mechanism.[16–20] As protons are not observed in
the X-ray crystal structures, their role and possible transfers
during the kindling of asFP595 remain largely unclear.

To clarify the role of the protons in the switching
mechanism, we have calculated the optical absorption spectra
from molecular dynamics (MD) ensembles of a series of
asFP595 protonation states, shown in Figure 1. To this end,
the semiempirical ZINDO method[21,22] and time-dependent
density functional theory (TDDFT)[23–27] were employed. In
particular, TDDFT has been used to predict absorption
energies for a wide variety of biological chromophores,
including GFP.[28–32] Recently, single-structure TDDFT calcu-
lations on a small subsystem of asFP595 have been
attempted,[33] with inconclusive results.

Since the spectra of biological chromophores can be
strongly tuned by their protein environment, we performed
the TDDFT calculations within the quantum mechanics/
molecular mechanics (QM/MM) approach.[34] The chromo-
phore was treated quantum-mechanically, whereas the rest of
the system was described at the force-field level (Figure 1a).
To properly account for the protein environment in the
ZINDO calculations, the complete chromophore binding
pocket was treated at the quantum level (see the Experimen-
tal Section). Comparison of the calculated UV/Vis spectra to
the available experimental data, in conjunction with com-
puted protonation probabilities of the titratable groups in the
chromophore cavity, would allow us 1) to unambiguously
assign the protonation patterns of the off and on states of
wt asFP595 and 2) to provide atomistic insights into the
proton transfers that interconvert the protonation states
involved in photoswitching.

Figure 2 shows the UV/Vis spectra for the considered
chromophore protonation states of asFP595, defined in
Figure 1, calculated at the semiempirical ZINDO level. The
absorption spectra computed at the TDDFT level show the
same order of states as the semiempirical spectra of Figure 2,
although the absolute absorption energies for the anionic and
zwitterionic states are blue-shifted too much (see the
Supporting Information). Examination of the molecular
orbitals revealed that, for all cases, the dominant excitations
are p!p* transitions. For wt asFP595, that is, with the
chromophore in the trans conformation, the zwitterion (state
Z, red curve) displays the most red-shifted absorption, with a
strong and narrow maximum at 2.30 eV and a distinct
shoulder at 2.41 eV (Figure 2a).

Transfer of the proton from the imidazolinone nitrogen
atom (N1, Figure 1b) to the Glu215 side chain results in the
anionic state A, for which we find a strong absorption band at
2.44 eV, with a shoulder at 2.51 eV (black curve in Figure 2a).
Further protonation of the phenolate oxygen atom (O12,
Figure 1b) leads to the N+ state and causes a significant blue-
shift towards 3.2 eV (blue curve); this absorption band is
weaker and much broader than those of the ionic species. The
neutral chromophore-state N, with a singly protonated
His197, also absorbs at around 3.2 eV (turquoise). A doubly

anionic state with a negative chromophore and a deproton-
ated Glu215 was not considered because the close contact
between the chromophore and the Glu215 side chain
observed in the crystal structure (2.7 I) requires a hydrogen
bond, as shown in the Supporting Information.

To reveal the effect of trans–cis isomerization on the
absorption characteristics of asFP595, we calculated the
spectra not only for the wt protein but also for a mutant,
whose crystal structure shows density for both the cis and
trans chromophores (Figure 2b). For all protonation states,
the absorption of the cis isomer is slightly red-shifted by about
0.05–0.2 eV with respect to that of the trans isomer, a fact that
is in agreement with recent experiments.[35] Therefore, the
trans–cis isomerization alone, without concomitant protona-
tion-state changes, cannot explain the observed blue-shift
from 2.18 eV to 2.79 eV upon kindling.

As the chromophore of the wt adopts the trans conforma-
tion in the crystal structure,[11,14,15] a comparison of the
calculated absorption spectra of the trans wt (Figure 2a)
with the experimental spectrum allows us to assign the
protonation state of the chromophore cavity in wt asFP595.
Under physiological conditions, asFP595 has a measured
sharp absorption maximum at 2.18 eVand a shoulder which is
blue-shifted by 0.15 eVat 2.33 eV (gray curve in Figure 2a).[12]

Taken together, the calculated sharp maximum of the
zwitterion at 2.30 eV and the weaker and broader band of
the anion at 2.44 eV yield a spectrum that is only slightly blue-
shifted with respect to the measured one (by 0.12 eV). In
particular, the oscillator strengths and peak shapes are in
good agreement with the experimental spectrum, and the
calculated energy difference of 0.14 eV between the zwitter-
ionic and anionic absorption maxima is very accurate. These
results suggest that the zwitterion is the dominant species
under physiological conditions and that the anion leads to the

Figure 2. Calculated optical absorption spectra of the asFP595 proto-
nation states shown in Figure 1 for the wt protein (a) and the cis
mutant (b). The measured absorption spectrum is shown in gray with
the maxima indicated by dashed lines. Upon kindling, the zwitterionic
and anionic absorptions at 2.18 eV and 2.33 eV, respectively, are
depleted, concomitant with a rising peak at 2.79 eV (dashed turquoise
line). The experimental spectrum was adopted from reference [12].
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observed shoulder in the absorption spectrum. Additional
support for this assignment comes from the measured
absorption spectrum of the anionic asFP595 chromophore
in aqueous solution, which has a maximum at 2.38 eV.[36]

In both the trans and the cis conformations, the neutral
chromophore absorption is considerably blue-shifted as
compared with that of the ionic species at 3.20 eV (trans)
and 3.03 eV (cis). Upon kindling, a rising peak is observed at
2.79 eV (dashed turquoise line in Figure 2), which within the
estimated accuracy of the ZINDO calculations (see below)
we assign to a population of the neutral cis species. The
TDDFT spectra support this assignment (see the Supporting
Information). Our results suggest that the trans–cis isomer-
ization of the chromophore is accompanied by protonation-
state changes and that the absorbing species populated upon
kindling is the neutral cis chromophore.

To elucidate the electrostatic and steric effects of the
protein environment on the absorption energies, we studied
the absorption characteristics in vacuo, both for the molecular
dynamics (MD) ensembles and for optimized structures (see
the Supporting Information). Both effects slightly blue-shift
the absorption energies of the zwitterion and the anion as
compared to the gas phase. However, these shifts do not
change the order of the absorption bands and thus have no
influence on the protonation-state assignment.

We calculated the absorption energies of an anionic and a
neutral state of a GFP model chromophore, which is very
similar to MYG, to assess the accuracy of the ZINDO and
TDDFT methods for asFP595 (see the Supporting Informa-
tion). We found that the red-shifted absorption of the ionic
species is well described at the ZINDO level, whereas
TDDFT is more accurate for the neutral species. As
ZINDO apparently performs better than TDDFT for the
red-shifted absorption regime of asFP595 (around 2.18 eV),
we based our protonation-state assignment in this regime on
the ZINDO spectra only. For the more blue-shifted regime
(around 2.78 eV), both spectra were taken into account.

As an independent check of the protonation-state assign-
ment, we computed the protonation probabilities of all
titratable groups in the asFP595 protein by Poisson–Boltz-
mann electrostatics (PBE). These calculations also predict the
zwitterion to be the dominant state for the trans chromophore
in wt asFP595 under physiological conditions, thereby con-
firming our assignment based on the UV/Vis spectra. The
populations of the states Z, N, and A are about 96, 3, and 1%,
respectively. Recently, SchLttrigkeit and co-workers studied
asFP595 spectroscopically.[35] Together with static quantum-
chemical calculations of the chromophore in vacuo, their
experiments suggest either the anion or the zwitterion to be
the protonation state under physiological conditions but
cannot distinguish between the two. By taking into account
both the chromophore environment as well as dynamic effects
for the calculation of the absorption spectra, and by perform-
ing PBE calculations, our calculations strongly suggest the
zwitterion to be the dominant species.

To study the effect of trans–cis isomerization on the
protonation pattern in the chromophore-binding cavity, we
repeated the PBE calculations for both the trans and cis
crystal structures of the mutant. In the mutant, the trans

isomer is also zwitterionic (population about 99%), which
provides further support for the wt results. For the cis
conformer, by contrast, the calculations suggest that not the
Z but rather the N and A states are equally populated under
physiological conditions. However, in the crystal of the
mutant, the cis chromophore is populated to only a minor
degree. The weak electron density obtained for the cis
structure allowed the assignment of alternative conforma-
tions, as compared to the trans structure, only for the
chromophore and a few additional residues. Therefore, to
allow the protein matrix to relax further in response to trans–
cis isomerization, we have repeated the PBE calculations on a
cis mutant structure that has been energy minimized with
positional restraints on all heavy protein atoms (force
constant: 1000 kJmol�1nm�2). In this slightly relaxed envi-
ronment, the cis chromophore adopts the neutral state with a
population of 92%, while the anionic and zwitterionic states
are populated to only 6 and 2%, respectively. Thus, trans–cis
isomerization is accompanied by a change in protonation
pattern from zwitterionic to neutral, although the anionic cis
state might be accessible under physiological conditions as
well.

Minimization of the trans structure prior to the PBE
calculations had no effect on the preferred protonation state
of the chromophore. However, His197 was predicted to be
doubly protonated in the minimized structure, whereas the
calculations from the X-ray crystal structure predicted it to be
singly protonated. This suggests that the actual protonation
state of His197 depends critically on the local environment in
the chromophore pocket. We therefore cannot unambigu-
ously assign the protonation state of this residue. Most
probably, both singly and doubly protonated states are
populated under physiological conditions. A cationic His197
could stabilize a partially negatively charged chromophore
phenolate ring and might therefore be favored in the
zwitterionic and anionic states.

The different populations of the protonation states in the
trans and cis conformations are due to the higher acidity of
the zwitterionic imidazolinone NH proton in the cis isomer
compared to that in the trans isomer. Our density functional
calculations estimated pK values of 4.7 and 9.1 for the cis and
trans chromophores in aqueous solution, respectively (see the
Supporting Information). This shift of about 4.4 pK units is
due to steric repulsion between the NH hydrogen atom and
one of the phenolate ortho protons because these are forced
into closer proximity in the cis isomer.

In summary, the PBE results corroborate that the
chromophore trans–cis photoisomerization upon kindling of
asFP595 is accompanied by proton-transfer events. After or
during isomerization, a proton is transferred from the
imidazolinone ring of the zwitterion to Glu215, thereby
yielding the anionic chromophore. Since the calculations
revealed the neutral chromophore (state N) to be the most
stable species in the cis conformation, the anion is probably a
metastable intermediate that is readily protonated at the
phenolate oxygen atom to give the neutral cis chromophore.

Combination of the calculated optical absorption spectra
and the results of the PBE allows us to proceed further and to
address the mechanism of asFP595 kindling in detail. We will
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focus on the proton wires mediating the interconversion of
the chromophore protonation states.

The proposed kindling mechanism is depicted in Figure 3.
As shown previously, kindling is initiated by a trans–cis
photoisomerization through a space-saving hula-twist mech-
anism.[11] The isomerization increases the acidity of the

imidazolinone NH proton of the zwitterionic cis chromophore
and induces proton transfer to Glu215 (state A-cis, Figure 3).
Whether this proton transfer takes place in the electronic
ground state or in the excited state cannot be judged on the
basis of the current simulations. The proton transfer also
prevents photoisomerization of the zwitterionic cis species
back to the initial dark trans state. The anionic cis inter-
mediate is subsequently protonated at the phenolate oxygen
atom to finally yield the stable neutral chromophore (state N-
cis). This situation is similar to that in GFP, where the neutral
protonation state is also favored for the cis chromophore.[16–20]

GFP fluorescence originates from the anionic chromophore,
which is formed through excited-state proton transfer
(ESPT). Further studies are required to elucidate whether
such ESPT processes play an important role in asFP595 as
well.

Protonation of the anion requires a proton donor in close
proximity to the phenolate oxygen atom. Figure 1 shows that,
intuitively, His197 could provide the proton, but it seems to be
too far away for a direct proton transfer. To address this issue,
we performed a 20-ns force-field MD simulation of the
anionic cis state and identified relevant hydrogen bonds (data
not shown). His197 does not form a hydrogen bond to the
chromophore in the course of the simulation due to their
coplanar arrangement (Figure 1). Instead, a stable hydrogen
bond is seen between His197 and Glu145 (see Figure 4),
which therefore might serve as a proton shuttle. However,
proton shuttling would additionally require a chain of two or
three water molecules to be established between Glu145 and
the phenolate oxygen atom O12, which was not observed in
either the MD simulation or in the X-ray crystal structure.

Figure 4 suggests an alternative protonation pathway.
Close examination of the simulations revealed that protons in
the chromophore pocket could exchange with protons in the
bulk through two distinct proton wires connecting the pocket

to the exterior solution. These wires involve several proto-
natable side chains and one buried crystallographic water
molecule. The proton entrance pathway involves Ser158,
which is directly hydrogen bonded to the phenolate oxygen
atom of the chromophore. In the simulations, this residue is
connected to the bulk solution through a short chain of water
molecules (W3 and W4, Figure 4), thereby enabling proton
uptake by the chromophore from the solvent. In the X-ray
crystal structure, the water molecule W233 (Figure 1a) is also
hydrogen bonded to the phenolate oxygen atom and could
therefore also be involved.

The putative proton-release pathway of the His197 proton
starts at Glu145 and proceeds through Lys67, Glu195, and
Tyr72 towards Asp78. The crystal water molecule W241
temporarily bridges Tyr72 and Asp78 in the simulation, as
shown in Figure 4. Located on the surface of the protein,
Asp78 finally releases the proton to the exterior solution. The
hydrogen-bonded network remained intact during the simu-
lations, such that the donor and acceptor distances were
always optimal for proton transfer. It is known from quantum
dynamics simulations[37] that the rate of proton migration
along such wires is dominated by tunneling, suggesting that
the proton exchange occurs by rapid one-dimensional diffu-
sion[18,19] of protons along the two wires.

The kindling mechanism at the atomic level can be
summarized as follows: After photon absorption, the dark
zwitterionic trans state of the chromophore is converted into
an anion state by a proton transfer from the imidazolinone
moiety to the side chain of Glu215. This process could either
happen after or during trans–cis isomerization. A short wire
involving Ser158 and a crystallographic water molecule
connects the chromophore cavity to the exterior solution
and mediates the subsequent protonation of the anionic
phenolate oxygen atom, thereby finally leading to the cis

Figure 3. Proposed kindling mechanism of asFP595. For details see
text. Atom colors are the same as in Figure 1.

Figure 4. Snapshot from an MD simulation showing the proposed
proton-entry and -release wires in asFP595. Color code: carbon atoms
of MYG in turquoise and of the amino acid side chains involved in the
proton wires in orange, oxygen atoms in red, nitrogen atoms in blue.
Aliphatic hydrogen atoms are not shown. The distances between the
proton-donor and -acceptor atoms are given in L.
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neutral form of the chromophore. Proton release from the
doubly protonated His197 into the exterior solution proceeds
along an extended proton wire involving five residues and a
buried water molecule.

This kindling mechanism is remarkably similar to the
fluorescence mechanism of GFP, in that their chromophores
are neutral in the cis ground-state conformation. In both
asFP595 and GFP the chromophore is connected to the
exterior solution by proton wires, which mediate the proto-
nation-state changes. These similarities suggest that proton
transfers might also be essential for a mechanistic under-
standing of other fluorescent proteins. Indeed, it was shown
recently that photoswitching of the GFP-like proteins
Dronpa,[38] DsRed,[39] and EosFP[40] involves protonation-
state changes of the chromophore as well. However, for all
three cases, the molecular mechanisms and proton pathways
remain to be elucidated at the atomic level.

Furthermore, the similarities should enable one to exploit
the broad range of mutants that have already been charac-
terized for GFP to improve the fluorescence of asFP595. For
example, a residue with a higher proton affinity could be
introduced near the phenolate oxygen atom of the chromo-
phore to enhance the formation of the anionic species. Also
tempting is the observation that, in contrast to asFP595, GFP
has an internal proton-relay mechanism that efficiently
shuttles the proton from the phenolate oxygen atom to a
nearby glutamic acid. This, together with the presence of
similar proton wires,[18] suggests that the introduction of a
similar internal relay mechanism might also improve the
fluorescence of asFP595.

The conformational flexibility of the asFP595 chromo-
phore is, in contrast to that of GFP, sufficiently high to allow
trans–cis isomerization which triggers a proton transfer
cascade, preventing the immediate re-isomerization to the
initial dark state induced by a second photon. Other photo-
active proteins have also evolved mechanisms to avoid the
immediate photochemical back-reaction. As in asFP595, such
mechanisms require that the initial photoproduct is not the
most stable ground-state minimum, but rather an intermedi-
ate in the overall process. Photoisomerization leading to
changes in the protonation probabilities is also known as the
critical step in the signal-transduction mechanism of bacter-
iorhodopsin[41] and photoactive yellow protein.[42,43] The quite
different structures of these three examples suggest that
evolution has exploited this idea as a general principle.

Experimental Section
The UV/Vis spectra were calculated in three steps. First, extensive
classical MD simulations for five different protonation states of the
chromophore pocket of wt asFP595 and of a cismutant structure were
performed to generate thermodynamic ensembles. The five proto-
nation states covered all conceivable chromophore protonation
states: the zwitterionic state “Z”, an anionic state “A”, a neutral
state “N+”, a neutral state “N”, and a double-anionic state “D”. A
doubly protonated cationic chromophore was not considered due to
its high acidity.[47] After minimization and equilibration, each system
was simulated for 7.5 ns. The starting coordinates for the simulations
were taken from the 1.3 I X-ray crystal structure (Protein Data Bank
(PDB) entry 2A50[11]). All simulations were performed by using the

Gromacs simulation package[48] together with the OPLS all-atom
force field.[49] For details of the simulations, see the Supporting
Information.

Second, for each protonation state, a sufficient number of
structures (100 equidistant frames extracted from each force-field
trajectory) were extracted and modestly relaxed (very short QM/MM
geometry optimizations (HF/3-21G*, ONIOM)). Finally, the excita-
tion energies were calculated for these relaxed structures and
superimposed. In the QM/MM TDDFT calculations, the chromo-
phore was described quantum mechanically at the TD-BVP86/6-
31G* level of theory,[44–46] and the rest of the protein, water molecules,
and ions were described at the force-field level (Figure 1a). In the
ZINDO calculations, the majority of the chromophore-binding
pocket, composed of the entire MYG chromophore and the side
chains of residues Lys67, Arg92, Glu145, Ser158, His197, and Glu215,
and the crystallographic water molecule W233 were described at the
quantum chemical level. All QM/MM TDDFT calculations were
performed with Gromacs 3.3 software[48] and its QM/MM interface[43]

to the Gaussian03 program.[50] Modifications were made in the one-
electron integral routines of Gaussian03 for the TDDFT computa-
tions of the chromophore polarized by gaussian charge distributions
of the MM atoms. For details, see the Supporting Information.

Spectra were composed from the calculated absorption energies
DEmax

ji by superposition of Gaussian functions [Eq. (1)]. Here, DEmax
ji

GðDEÞ ¼
X100
i¼1

X3

j¼1

f ji exp
�
�
ðDE�DEmax

ji Þ2

2 s2

�
ð1Þ

are the excitation energies of the first three excited singlet states (j=
1,2,3) of structure i, and fji is the corresponding oscillator strength. A
width of s= 0.02 eV was chosen.

To quantify the population of the different protonation states of
the chromophore pocket, PBE calculations[51] were performed on
wt asFP595 (PDB entry 2A50[11]) and the mutant structure, which
shows density for both the cis and trans chromophores. This allowed
the effect of the trans–cis photoisomerization on the protonation
states of the chromophore pocket to be evaluated. Protonation
probabilities were calculated with the MEAD program package[52]

and a Metropolis Monte Carlo algorithm to sample protonation-state
energies.[53] See the Supporting Information for details of the Poisson–
Boltzmann calculations.
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