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Understanding the photoinduced dynamics of Fluorescent Proteins is essential for their applications in
bioimaging. Despite numerous studies on the ultrafast dynamics, the delayed response of these proteins,
which often results in population of kinetically trapped dark states of various origins, is largely
unexplored. Here, by using transient absorption spectroscopy spanning the time scale from picoseconds to
seconds, we reveal a hidden reactivity of the bright blue-light emitting protein mKalamal previously
thought to be inert. This protein shows no excited-state proton transfer during its nanosecond excited-state
lifetime; however, its tyrosine-based chromophore undergoes deprotonation coupled to non-radiative
electronic relaxation. Such deprotonation causes distinct optical absorption changes in the broad UV-to-
NIR spectral range (ca. 300 - 800 nm); the disappearance of the transient absorption signal has a complex
nature and spans the whole microsecond-to-second time scale. The mechanisms underlying the relaxation
kinetics are disclosed based on the X-ray structural analysis of mKalamal and the high-level electronic
structure calculations of proposed intermediates in the photocycle. We conclude that the non-radiative
excited-state decay includes two major branches: internal conversion coupled to intraprotein proton
transfer, where a conserved residue E222 serves as the proton acceptor; and ionization induced by two
consecutive resonant absorption events, followed by deprotonation of the chromophore radical cation to
bulk solvent through a novel water-mediated proton-wire pathway. Our findings open up new
perspectives on the dynamics of fluorescent proteins as tracked by its optical transient absorption in the
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time domain extending up to seconds.

Introduction

The Green Fluorescent Protein (GFP), widely known due to its
ubiquitous use as an in vitro and in vivo fluorescent marker, is an
11-stranded B-barrel with an o-helix running through the center.
The chromophore (Cro) is midway of the a-helix and is formed
by three amino acids S65, Y66, and G67 through an autocatalytic
post-translational cyclization, only requiring molecular oxygen.'

Wild-type GFP (wtGFP) has two main absorption maxima at 398
nm (band A) and 478 nm (band B) corresponding to the Cro and
its conjugate base, respectively. Excitation of band A
simultaneously yields a weak 460 nm and a strong 508 nm
emission. The strong fluorescence at 508 nm occurs through an
excited-state proton transfer (ESPT) mechanism, where the Cro
becomes deprotonated at the Y66 phenol group in the excited
state, resulting in a ~50 nm red shift of the emission band.>* It
has been established that, in wtGFP, the proton is translocated via
a major, well-defined Cro-Water22-S205-E222 proton-wire
pathway.* The existence of a less efficient, alternative pathway
that involves a nearby T203 residue has later been found.®
Finally, even more extended proton wires that connect the Cro to

s the bulk are also suggested.” According to this scenario, the
protein may function as a light-driven proton pump, expelling the
proton to bulk solvent via a switchable T203 exit pathway upon
excitation, while acquiring the proton back in the ground state
from E222; which is, in turn, protonated from the outside

so environment via an E5 entry pathway located near the N-terminus
of GFP.

Ultrafast spectroscopy techniques have been used to track proton
transfer events along the major pathway in the GFP photocycle,
occurring on ps and sub-ns time scales in the excited*>® and
ss ground’ states, respectively. Multiple intermediates have been
revealed in both states,”'® also located and characterized by
quantum chemistry calculations.'’
Mutations of wtGFP have resulted in a plethora of fluorescent
proteins photophysical and photochemical

0 properties, thus tailoring them to new applications. In particular,
blue fluorescent proteins (BFPs) are essential
multilabel/multicolor imaging schemes.'>"* BFPs reported in the
literature are usually based on histidine or phenylalanine
chromophores, thus enforcing neutrality of the Cro.'*'> The BFP

65 variants with an original tyrosine-derived chromophore have been
discovered through the directed evolution studies of enhanced

with  various
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planar Z configuration, with the imidazole heterocyclic N atom in
s the cis position towards the phenol ring, Z~.* It is worth noting,
that a double mutant GFP T203V/S205A still exhibits ESPT,
though with a much slower rate and small quantum efficiency,
resulting in two emission bands, as observed recently.'® The X-
ray structure of GFP T203V/S205A does not reveal a viable
pathway for the proton transfer; however, the molecular
dynamics studies show that ESPT in this mutant may occur
through formation of transient proton-wire pathways formed by
water molecules infrequently entering the protein structure from
the bulk."®
70 Numerous studies have been conducted to investigate the
; dynamics in fluorescent proteins (FPs); however, measurements
. in the microsecond to second time domain are rarely reported and
mostly involve the Fluorescence Correlation Spectroscopy
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idea has successfully been employed in optically modulated

fluorescence bioimaging, which enables to visualize FPs in high
%0 autofluorescent background.”
In this work, using a combination of time-resolved spectroscopy,
X-ray crystallography, and electronic structure theory, we study
the photochemical and photophysical properties of the BFP
mKalamal. Although optimized for brightness and photostability,
this protein surprisingly shows a hidden reactivity. We unveil the
broadband transient absorption of mKalamal on the time scale
ranging from picoseconds to seconds, and give a full theoretical
“  thus significantly lowering the observed amplitude of this account of spectroscopically identified intermediates in the
band. (c) Transient absorption of mKalamal at pH 7.5 after photocycle. We show that the Cro can undergo a photoinduced
excitation with 4 ns 355 nm laser pulse. The 600-750 nm part 100 delayed intraprotein deprotonation coupled to internal conversion
is magnified by a factor of 10 for better visualization. (d) (IC), even in the absence of viable proton-wire pathways
Same as (c), but monitored in the 1 ms - 1 min time window. connecting the hydroxyl group of the Cro and E222. Our
(¢) Results of the best multi-exponential decay fit of the data experimental and theoretical results also support the existence of
from graph (c). Buffer: PBS (pH 7.5). In (b-d), the delay after an alternative, novel proton transfer pathway'® that leads from the

the laser flash instance is indicated for each curve. 10s Cro to the bulk solvent through the well-defined water chain. In
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Fig. 1 Optical properties of mKalamal. (a) Absorption and
;s emission spectra of mKalamal at various pH. Buffer: CCPBS
(20 mM CAPS, 20 mM CABS, 20 mM potassium phosphate,
200 mM NaCl); pH adjusted with KOH. (b) Transient
absorption of mKalamal at pH 7.5 after excitation with 100
fs 355 nm laser pulse. Note that the 445 nm band heavily
overlaps with the strong negative stimulated emission signal,
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GFP (EGFP) by introducing mutations in close proximity to the
Cro that are capable of better stabilizing the neutral form in the
ground state and blocking ESPT."? A series of 24 mutations
relative to EGFP results in the monomeric, blue-light emitting
protein mKalamal'?> with intrinsically high brightness.
mKalamal (Aeyem= 385/456 nm, fluorescent quantum yield ¢ =
0.45)%, as well as a double mutant GFP T203V/S205V (Aey/en=
390/459 nm, ¢ = 0.29)6 are the variants of wtGFP, in which both
the main (via S205) and the alternative (via T203) proton wires
are blocked. Therefore, the bright single-band fluorescence of
these proteins belongs to the Cro neutral form in the most stable,

mKalamal, this pathway plays a negligible role in ESPT;
however, it appears to be very efficient in proton transfer from
the radical cation Cro formed upon consecutive two-photon
ionization.

Materials and methods

Materials and methods are described in detail in ESI. It includes
the details of (a) protein expression and purification, (b)
crystallization, data collection, structure solution and refinement,
(c) transient absorption and (d) fluorescence spectroscopy

11s measurements, (e) H/D kinetic isotope effect measurements, (f)
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aerobic and anaerobic measurements, (g) protein structure
simulations, and (h) multi-state multi-reference perturbation
theory XMCQDPT2*/EFP*! multi-scale excited-state
calculations within the Firefly quantum chemistry package™.

Results
Transient fluorescence and transient absorption spectroscopy

The absorption and emission spectra of mKalamal at neutral pH
have almost structureless peaks with maxima at 390 and 455 nm,
respectively, which are close to the earlier reported values (Fig.
1a)."? Upon excitation with a 372 nm diode, the fluorescence at
460 nm is found to decay biexponentially, with lifetimes of 0.8 ns
and 1.9 ns and an amplitude ratio of 0.25 (ESI, Fig. S1). To check
whether there is a contribution from the anionic emission to the
long-wavelength part of the broad spectrum of mKalamal at
neutral pH, we have also measured the fluorescence decay at 510
nm upon excitation at 372 nm, observing the same lifetimes. If
mKalamal exhibited ESPT, one would expect to see a rise time
component in the fluorescence kinetics at this wavelength, as well
as an increase in the decay time, since the lifetime of the anion is
longer (3.9 ns, as determined at pH 11.25, ESI, Fig. S2) than that
of the neutral (0.8 ns and 1.9 ns). The absence of both a rise time
component and an increase of the decay time® in the
fluorescence kinetics of mKalamal at 510 nm indicates that there
is no anion emission and hence no ESPT.

The subpicosecond transient absorption (TA) spectra, acquired at
pH 7.5, are shown in Fig. 1b. The transient decays measured at
different wavelengths have the same lifetime (t = 1.6 ns) for all
spectral features, which is close to the fluorescence lifetimes in
mKalamal (ESI, Fig. S1). Therefore, we assign the time
evolution of these relatively simple spectral bands at 740 nm and
445 nm to the decay of the singlet excited-state population of the
neutral Cro (*Z). Remarkably, the fs-ns transient absorption
spectra of mKalamal are very close to that of p-HOBDI** (p-
hydroxybenzylidene-imidazolinone, the synthetic Cro of wtGFP
and mKalamal), but the S; lifetime of the latter is three orders of
magnitude shorter due to fast photoisomerization-induced
deactivation.”®

Increasing pH results in a slight decrease of the major absorption
band of the ground-state Cro at 390 nm concomitant with the
appearance of a green band (A, = 480-505 nm) belonging to the
Cro anion, presumably also in the Z-configuration (Z*) (Fig. 1a).
The majority of the high pH-induced changes are fully reversible
(ESI, Fig. S3), suggesting a lack of significant denaturation of the
protein at high pH. Upon increasing pH, a blue shift of the
anionic peak is also observed. Interestingly, the apparent pK,
value of the Cro in the protein is unusually high (>12), much
higher than those of any of the HOBDI derivatives. The
excitation and emission spectra of mKalamal acquired at pH 11.8
demonstrate that the anionic form is also fluorescent with the
excitation and emission maxima at 490 and 509 nm, respectively
(Fig. 1a and ESI, Fig. S4).

These data show no deviations from the expected behavior of
mKalamal as a brightly fluorescent, inert BFP. However, the
microsecond-to-second TA measurements surprisingly reveal a
hidden photoinduced reactivity of this protein. The transient
signal in the 1 pus — 2 ms time window consists of the ground-
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Fig. 2 Absorbance decays (dots) with kinetic fits (solid lines)
at various wavelengths. The residuals are displayed at the
bottom of the graph with different vertical offsets. The time
constants of the exponential decay components are shown at
the top. The kinetic transients presented are the slices of the
experimental time-wavelength-absorption matrices at certain
wavelengths, as indicated. The matrices are combined from
the ANDOR and Basler data, collected separately. The
conditions are those as for Fig. 1c-e. For further details, see
Materials and Methods (section c¢) in ESI.

state bleach at 385 nm and rise in color at the 430 nm and 490 nm
bands (Fig. 1c). Also, a very weak but detectable broad band is
observed at around 700 nm (Fig. lc, inset and ESI, Fig. S5).
Upon time evolution, the intensity of the 430 nm peak decreases
insignificantly, while the 490 nm band exhibits a slight
bathochromic shift and disappears. The remaining peak at 430 nm
is monitored separately in the 1 ms - 1 min time window (Fig.
1d), where it disappears at the end of this time interval without
any change of its spectral shape. The best multiexponential fit of
the experimental time-wavelength-absorption surfaces gives three
major spectral components with submillisecond time constants 7
= 612 ps, p, = 98+10 ps, and 73 = 730£100 ps; a minor
component with 7 = 370 ms, and a very long-lived component
with 7> 10 s (Fig. le). All submillisecond components have an
isosbestic point at 418+1 nm; the two faster components have
sharp peaks at 489 nm (6 ps) and 505 nm (98 ps), respectively,
both contributing largely to the ~490 nm band of the photolysis
(light-minus-dark) difference spectrum. The selected kinetic
traces and residuals are presented in Fig. 2. The data are also fit
using the algorithm for a sequential reaction model,'*%3637
implying n consecutive irreversible steps. The sequential reaction
fit yields similar spectral states as the global multiexponential fit,
when the slower components are subtracted from the original data
matrix (n = 3, ESI, Fig. S6). The TA kinetics also reveals a pH-
sensitivity of the second component (ESI, Fig. S7).

The 7= 370 ms and 7> 10 s components have almost identical
spectra with an isosbestic point at 407 nm and a bright maximum
at 430 nm. To rule out diffusion in the disappearance of the long-
lived component (z > 10 s), the sample was illuminated with 30
sequential flashes upon stirring, and the spectra were recorded at
0, 16, 40, 85, and 170 min after the 30 flashes (ESI, Fig. S8-S10).
This allowed us to produce enough of the long-lived component,
which was seen in the TA spectra after stirring, and, therefore,

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Proton transfer pathways in (a) mKalamal (PDB ID,
% 40RN, this work), (b) wtGFP (PDB ID, 1GFL)*, and (c)
GFP S205V (PDB ID, 2QLE)®. The red dashed lines show
the H-bonds; the black dashed lines indicate the distance
between the respective conservative groups, where such H-
bonds are not formed. The distances between heavy atoms

are shown in A.
35

diffusion did not play a role. There was a slow disappearance of
the long-lived product with a synchronous increase in the ground
state absorption (ESI, Fig. S9 and S10), indicating that the long-
lived component was partially and slowly reversible.

40 X-ray structural analysis of the initial dark-adapted state

To explore the structural basis for the observed photoinduced
processes in mKalamal, we have determined the crystal structure
of this protein at 1.71 A resolution (PDB ID: 4ORN; for details,
see ESI, Table S1). The superposition of mKalamal and wtGFP
45 by C, atoms results in a root-mean-square (RMS) deviation of 0.6
A, indicating close similarity of the two structures. As in many
other fluorescent proteins described to date, the Cro of mKalamal
adopts a Z-configuration in the dark state. mKalamal differs from
wtGFP by 26 amino acids; the following seven: L64F, Y145M,
so H148G, V163A, T203V, S205V, and V224R are worth noting
since they are close to the Cro. Four of them (Y145M, H148G,
T203V, and S205V) make the protein cavity containing the Cro
p-hydroxyphenyl ring entirely hydrophobic. Residues V205 and
V203 terminate all hydrogen bond connections between the
ss hydroxyl group of the Cro and E222 in mKalamal, similarly to
the S205V/T203V double mutant of wtGFP described earlier.’
The H148G mutation makes the fB-strand fragment V147-G148-
N149 move closer to the hydroxyl oxygen of the Cro by 1.3 A,

forming a novel hydrogen bond between the backbone Ng4g and
0 the phenolic oxygen atom of the Cro (Fig. 3). Thus, the area
occupied by the H148 side chain in wtGFP now becomes open to
the solvent in mKalamal. Despite the hydrophobic nature of the
residues forming the Cro phenol ring cavity, the latter contains
structural water molecules close to the protein exterior (Fig. 3a).
The hydroxyl oxygen of the Cro thus forms a strong hydrogen
bond with the nearest conserved water molecule.
Similarly to wtGFP, the environment of the imidazolone ring and
of the side chain of the Cro-forming residue S65 is mostly
hydrophilic in mKalamal. In both proteins, the imidazolone ring
70 is surrounded by a cluster of hydrophilic residues creating an
extensive hydrogen bonding network (ESI, Fig. S11). The
presence of R224 and C70 (oxidized to sulfinic acid in
mKalamal) increases the hydrophilicity of the imidazolone
environment as compared to wtGFP, in which the residue at
position 224 is valine and C70 is not oxidized. The side chain of
R224 protrudes towards the methylidene group of the Cro and
forms a strong hydrogen bond (ion pair) with E222 and a water-
mediated hydrogen bond with the hydrophilic cluster, consisting
of the Q69, Q94, R96, Q183, and N185 side chains. The latter
so residues are interconnected by numerous hydrogen bonds
creating a network, which propagates further, through several
water molecules, to the residues T62, T63, T108, N121, and
H181. E222 also forms a strong hydrogen bond with the hydroxyl
group of the Cro-forming residue S65 (Fig. 3a).
Therefore, the Cro binding pocket in the dark-adapted state of
mKalamal differs from that of wtGFP*® by three major structural
features: (i) the absence of H-bonded proton transfer pathways
between the phenolic oxygen of the Cro and the side chain of
E222; (ii) the presence of a novel, proton transfer pathway
s between the phenolic oxygen of the Cro and the bulk; (iii) the

formation of an ion pair between the side chains of E222 and

R224.

6!

A

7

P

8!

a5

Electronic structure calculations: photocycle intermediates

To identify the nature of the ground-state intermediates in the
9s photocycle of mKalamal, we have carried out ab initio quantum

mechanical/molecular mechanical (QM/MM) calculations of

equilibrium structures and vertical excitation energies of the

initial and transient states in the protein. The initial, dark-adapted

state of mKalamal has been obtained “from-scratch” by
100 introducing the corresponding mutations to the well-known
structure of GFP S205V® and performing molecular dynamics
(MD) simulations (ESI, Fig. S12). Fig. 4 illustrates a close
similarity between the structures of the dark-adapted state of
mKalamal, obtained theoretically and through the X-ray analysis.
The superposition by C, atoms results in a RMS deviation of less
than 1 A. Such good agreement also comes from the fact that the
X-ray structures of wtGFP, GFP S205V, and mKalamal are very
close to each other. The “from-scratch” modeling well reproduces
all new features of the Cro binding pocket in mKalamal. It fully
supports a novel type of the water-mediated pathway that
connects Cro Y66 with the solvent and also reveals a reduced
distance between the backbone of G148 and Cro (3.8 A)
compared to those of wtGFP (4.3 A) and GFP S205V (4.5 A).
Further calculations however show that this distance is adjustable
115 and can be increased to accommodate additional water molecules,

as in the structures of transients. In the dark-adapted, final MD
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Fig. 4 Superposition of the final MD (green ribbons) and X-ray
(chain A, cyan ribbons) dark-adapted structures of mKalamal:
(a) the top view and (b) the Cro binding pocket. The Cro and
the nearby amino acid residues are shown in the stick
representation. The simulated structure is shown in orange.
Water molecules are shown in red (experiment) and blue
(theory). All distances are in A. Note that the different
conformations of the non-polar part of the side chain of R224
do not affect vertical excitation energies. The calculations also
reveal a conformational flexibility of the ion pair E222-R224.
See also ESI, Fig. S13.

structure, this distance is also enlarged compared to that of the X-
ray structure (3.3 A) to adjust the lengths of H-bonds in the new
water-mediated pathway between the Cro and the bulk (Fig. 4b).
The distance between the two nearest to the Cro water molecules
is significantly reduced from 3.6 A (X-ray) to 2.7 A (final MD).
The anionic form of the Cro is a primary candidate in search for
the ground-state intermediates in the photocycle. Since there is a
well-defined water chain between Cro Y66 and the bulk, we first
assume that the proton is released to the solvent. We will
however show below that this transient does not result from a
direct photoinduced proton transfer, but it is rather formed on the
way back to the dark-adapted state along a radical branch. The
resulting QM/MM//MD optimized structures of the Cro-binding
pockets in the initial neutral and stabilized anionic states in
mKalamal are shown in Fig. 5. In both cases, the Cro adopts a
planar conformation. The deprotonation of the Cro induces
certain changes in the nearby environment. In particular,
additional water molecules enter the binding pocket to stabilize
the deprotonated Cro through formation of a hydrogen-bonded
network with the nearby ion pair E222-R224.

The obtained anionic structure exhibits a blue-shifted absorption
compared to that of wtGFP (band B), as it follows from the
XMCQDPT2/EFP calculations of the corresponding vertical
excitation energy, which is 440 nm. We note that the same effect
is observed for B-naphthol*” and 5-cyano-2-naphthol® in solvents
of differing proton-donating ability. The accommodation of the
additional water molecules results in a disruption of the
preexisting proton transfer pathway that leads from the bulk
solvent to the Cro, therefore, increasing a lifetime of this blue-
shifted anionic intermediate upon its external reprotonation.

Other possible intermediates in the photocycle, which can
transiently be formed after internal conversion as a result of a
photoinduced shift in acid-base equilibrium inside the protein,
includes the anionic and zwitterionic forms of both Z- and E-
isomers and E222 as a primary proton acceptor. Various local H-
bonded environments and multiple conformations of the ion pair
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Fig. 5 The QM/MM ground-state equilibrium structures of
mKalamal in (a) the dark-adapted state with the neutral Cro,
Z~, and (b) the blue-shifted, stabilized transient state with the
anionic Cro, Z*;30. Shown are the QM parts (sticks) and the
nearby MM residues (lines and bold lines). The hydrogen
bonds are depicted in red. The Ngi45—Ocy, distances, the bond
lengths and the dihedral angles in the Cro methylidene bridge
are shown in black. All distances are in A. The structures are
labeled according to the charge state of the Cro and to the
assigned experimental absorption maxima. Shown also are the
calculated vertical excitation energies. See also Table S2 for
the assignment of the Cro structures.

E222-R224 have been considered. The structures of the Cro
radical forms have also been analyzed. The final assignment of
the transient absorption components are made based on the forms
summarized in Fig. 6 (see also ESI, Table S2).

Singlet states

The transients characterized by short lifetimes of microseconds to
sub-milliseconds should involve only local rearrangements in the
protein. Therefore, the intraprotein proton transfer to a nearby
residue, that serves as a proton acceptor, seems to be the most
probable process. The calculated structure of the dark-adapted
state, however, shows that all direct proton transfer pathways
from the Cro to amino acid residues are disrupted inside the
protein. The X-ray analysis supports this by revealing an entirely
hydrophobic protein environment close to the Y66 phenol ring.
This is also fully consistent with the results of the TA and
fluorescence studies that indicate the absence of ESPT in
mKalamal. At the same time, IC induced by twisting in the
methylidene group of the Cro can offer alternative pathways for
the proton transfer. Remarkably, E222, the primary proton
acceptor during ESPT in wtGFP, remains to be the most
reasonable partner in mKalamal: upon twisting, the distance

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Dark-adapted and transient states of mKalamal containing the Cro in various protonation and oxidation forms. Leading
electronic configurations for the singlet (S) and doublet (D) ground and excited states are given together with the calculated vertical
excitation energies for the bright transitions. The inset shows the typical structure of the natural orbitals involved in electronic
transitions for all the forms. Note the mixture of different electronic configurations in the excited states of the neutral radical, which is

also true for the radical cation but to a lesser extent.

between the Cro phenolic OH and COO gy, can vary and the H'
transfer pathway can transiently be formed. IC coupled to
deprotonation results in either Z- or FE-anion. The latter
subsequently undergoes a thermal backward £—Z isomerization,
which, in turn, may or may not be coupled with a simultaneous
reprotonation that regenerates the neutral dark-adapted ground
state.

The total QM/MM energies of the ground-state equilibrium
structures of mKalamal containing the Cro Z-anion and the
protonated E222 residue are similar to those of the protein with
the neutral Cro and the deprotonated E222, when additional water
molecules stabilize the Cro binding pocket, Z*/E222H <«
ZN./E222° (ESI, Fig. S14). Due to the hydrophobic protein
environment of Y66, these water molecules are confined in the
cavity between the phenol ring and the ion pair E222-R224,
forming H-bonded cyclic networks between OHygs and OHggs
through R224 and further to E222, which is, in turn, connected
either to the N atom of the Cro heterocyclic ring or back to Y66.
Upon the protonation of E222, the ion pair breaks up and the
deprotonated Cro becomes stabilized by R224 through these
water-mediated hydrogen bonds (Fig. 7a). All the structures,
which exhibit a chain of water molecules that serves as a proton
wire for direct transferring the proton back to Y66 (ESI, Fig.
S14b), lie somewhat higher in energy (by ca. 10 kcal/mol) than

9:

S

10

3

10:

b3

110

115

those which have a disrupted water chain (ESI, Fig. Sl14a).
Remarkably, these structures can be referred to those of the
anionic ground-state intermediates in the photocycle of wtGFP —
I and B,* with the intact and disrupted H-bonded pathway
between E222 and Y66, respectively.

The time-resolved measurements reveal a complex nature of the
relaxation kinetics with several sub-ms timescale components in
the spectral region of 485-505 nm. The shortest lifetime
component of 6 ps refers to the transient state absorbing at 489
nm. It is reasonable that this shortest-lived ground-state
intermediate is formed in the £ anionic form, which undergoes a
fast backward isomerization and simultaneous reprotonation.
Unlike typical cis-trans interconversion time scales of 10-100
ms'"?®, the ps lifetime of this dark state in mKalamal indicates
that the Cro E-anion is energetically highly disfavored. The
calculations indeed reveal that the optimized structure of the E-
isomer of the Cro anion is distorted from a planarity (Fig. 7b).
The anion adopts a pronounced quinoide-like electronic structure,
with the two bridge bonds adjacent to the p-hydroxyphenyl (Ph-
C) and imidazolone (Im-C) rings being equal to 1.39 and 1.41 A,
respectively. The E-anion is pre-twisted by 17° about the Im-C
bond, thus facilitating a rather fast backward £—Z isomerization
in the ground state. The QM/MM energy difference of ca. 20
kcal/mol between the anionic forms of the E- and Z-isomers
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Fig. 7 The QM/MM ground-state equilibrium structures of the
25 transient states in mKalamal formed after internal conversion
coupled to the proton transfer to E222: (a) Z-anion, Z*,g,, and
(b) E-anion, E™;g. Shown are the QM parts (sticks) and the
nearby MM residues (lines). Two residues of the P-strand
fragment, G148 and V150, involved in a hydrogen-bonding
stabilization of the Cro anion, are displayed as the bold lines.
The hydrogen bonds are depicted in red. Shown also are the
calculated vertical excitation energies. All distances are in A.

provides clear evidence that the Z-isomer is the most stable one,
and the E-anion dark state of mKalamal cannot be populated
35 efficiently. This is fully consistent with the recent experimental
studies on a series of BFPs that reveal no significant steady-state
population of the Cro E-anion state in mKalamal on a time scale
of tens of milliseconds.”® The calculated vertical excitation
energies of the Cro Z- and E-anion inside the protein, containing
40 the protonated E222 residue, are 488 nm and 490 nm,
respectively (Fig. 6). This is consistent with the observed
transient absorption signal at ca. 489 nm. Both anionic isomers
exhibit very close absorption maxima and are, therefore,
spectroscopically indistinguishable.
ss In the transient state Z%o (Fig. 7a), the proton transferred to
E222 may subsequently be transferred forward to the Cro
imidazolone ring, thus forming a Cro zwitterion (Fig. 8a). Indeed,
the calculations show that the anionic and zwitterionic Z-forms
have very similar ground-state energies and they exist in a nearly
perfect equilibrium, Z*/E222H <> Z“V/E222" (ESI, Fig. S15). The
stabilization of such zwitterion is gained through the formation of
a quadrupole with the ion pair E222-R224 located in close
vicinity to the Cro and regenerated upon deprotonation of E222.
The zwitterionic forms exhibit a slightly red-shifted absorption:
the calculated vertical excitation energies vary from 492 to 508
nm, depending on the particular structure of the local
environment (Fig. 8). Such red-shift is consistent with the TA
measurements and the solution measurements of the model

93
S

w
o

65

70

F165

1.75 2.03 ‘.-I |

B v150\y/ 0139 124

G148
SR\
148,

218

80

V203

Fig. 8 The QM/MM ground-state equilibrium structures of
the zwitterionic transient states in mKalamal with different

% local water-mediated H-bonded networks: (a) the lowest-
energy structure with a disrupted proton back-transfer
pathway, and (b) the higher-energy structure that precedes
regeneration of the neutral form. Shown are the QM parts
(sticks) and the nearby MM residues (lines). Two residues of

s the PB-strand fragment, G148 and V150, involved in a
hydrogen-bonding stabilization of the Cro zwitterion, are
displayed as the bold lines. The hydrogen bonds are depicted
in red. Shown also are the calculated vertical excitation
energies. All distances are in A.

os synthetic GFP Cro,*' indicating that the zwitterion state can
indeed be populated during the proton transfer from E222 back to
7", Furthermore, the intermediate structure, which exhibits a
water-mediated proton back-transfer pathway (Fig. 8b), lies only
6 kcal/mol higher in energy than the lowest-energy zwitterionic
10 structure, thus rendering the overall step-wise zwitterionic
pathway likely upon regenerating the dark-adapted state.
Therefore, our results give rise to at least three intermediates
responsible for the transient absorption signal in the spectral
range of 489-505 nm: the E-anion (E™), the Z-anion (Z*), and the
Z-zwitterion (Z°%).
Doublet states
The measured average excited-state singlet lifetime of few
nanoseconds may also allow the neutral Cro in the first excited
state to sequentially absorb a second 355 nm (3.5 eV) photon
during a 4 ns laser-pulse duration. In order to check whether this
process is energetically allowed, we have estimated an adiabatic
electron binding energy of the dark-adapted state of mKalamal
based on the calculated energy difference of the ground electronic
states of the protein, containing the neutral and the radical cation
forms of the Cro. It is found that the electron is bound with an
energy of 8.6-8.9 eV, depending on the local environment of the
Cro. Upon photoionization, a Cro radical cation and a solvated
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electron are formed. Free electrons in an aqueous solution are
known to be bound with an energy of 3.3 eV.*? Therefore,
sequential absorption of two photons with a total energy of 7 eV
can potentially ionize the neutral Cro inside the protein.
However, the Cro-binding pocket contains three charged
residues, R96, R224 and E222, thus making an overall charge of
the cavity equal to +1. Therefore, the Cro radical cation should
undergo a barrierless deprotonation due to Coulomb repulsion in
the Cro-binding cavity. The proton can be expelled from the
protein to the bulk through the well-defined water chain bonded
to the planar Cro (Fig. 3a and 5a). The optimized structure of this
transient state indeed reveals that the Z" Cro is only partially
protonated, with the O-H bond length of 1.13 A and the H-bond
distance to the nearest water molecule of 1.29 A (ESI, Fig. S16).

The calculated spectra of the Cro radical forms exhibit three low-
lying transitions. The lowest lying transition has an energy of less
than 1.77 eV (700 nm) and is characterized by a low oscillator
strength, which is ca. 10 times lower than that of the third bright
transition located at 442 nm (Z°) and 528 nm (Z*) (Fig. 6). The
second transition at 522 and 578 nm for Z* and Z"*, respectively,
is optically dark, with an oscillator strength less than 0.005. The
detectable band in the red part of the spectrum at ca. 700 nm and
the transient band at 430 nm found experimentally can then be
assigned to the neutral radical, whereas the radical cation does
not live long enough to be spectroscopically detectable. At ca.
700 nm, the radical TA also overlaps with the broad absorption
band of solvated electrons that extends from 550 up to 800 nm.*

Discussion

In this study, we report the multiexponential TA decay upon
excitation of the BFP mKalamal observed in the microsecond-to-
second time domain. This is the first account on the relaxation
kinetics in BFPs tracked by broadband TA spectroscopy. The
relaxation kinetics in the ground electronic state reveal specific
pH, D/H exchange, and [O,] sensitivity, and is interpreted as the
combination of two parallel processes: (1) the microsecond to
sub-millisecond ground-state intraprotein reprotonation of the
Cro anion coupled to its reisomerization; (2) recombination of the
Cro radical followed by the external reprotonation of the Cro
anion on the time scale extending to seconds. We first discuss the
high-resolution X-ray structure of the dark-adapted state of
mKalamal and possible proton transfer pathways inside the
protein. The photocycle of mKalamal is then presented based on
the theoretical account of the observed transient absorption,
where the QM/MM//MD calculations provide an important
insight into the structures of possible transients and their
spectroscopy.

Proton transfer pathways

The obtained X-ray structure (Fig. 3a) shows that the essentially
hydrophobic protein environment of the Y66 cavity does not
allow a proton transfer from the Cro to E222 or to any other
possible proton acceptors, so that both main (Cro-water-S205-
E222) (Fig. 3b) and alternative (Cro-water-T203-E222) (Fig. 3c)
ESPT pathways found in wtGFP and GFP S205V are non-
functional in mKalamal. In wtGFP, there is also a minor
probability for the proton to be released to the bulk through the
switchable T203 exit pathway near H148, replenished in the
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ground state from E222 and the entry pathway near E5.” A
similar entry pathway exists in mKalamal, too; however, it is
interrupted at E222 due to the lack of the hydrophilic residues at
positions 203 and 205 disabling proton transfer to the Y66
hydroxyl. Moreover, R224 interferes with this pathway by
forming a hydrogen bond with S72, thus preventing a direct
pathway from S72 to E222 through a water chain (ESI, Fig. S11).
mKalamal also lacks the switchable T203 exit pathway, since
this position is mutated to valine.

Recently, an entirely water-mediated ESPT pathway transiently
formed in GFP T203V/S205A, which exhibits a dual emission
band, has been suggested.'® Although the X-ray structure of this
double mutant does not reveal any viable proton-wire pathways, a
formation of the H-bonded water chain through molecules
infrequently entering the protein structure from the bulk has been
observed during MD simulations. The analysis of the X-ray
structure of mKalamal, for the first time, allows us to
experimentally identify the chain of water molecules that links
the protein surface with the Y66 hydroxyl group (Fig. 3a). Note
that the similar chain of water molecules is present in wtGFP as
well (Fig. 3b); however, in wtGFP, the distance between the
water molecule H-bonded to Y66 and the next water molecule in
the chain exceeds 4.5 A, disabling proton transfer, whereas in
mKalamal this distance is 3.6 A. Furthermore, in mKalamal
these water molecules are indirectly connected through the
backbone carbonyls of N146 (2.8 and 3.3 A) and of V203 (2.8
A).

Optimized for brightness, the blue-light emitting mKalamal with
26 mutations relative to wtGFP appears to be more exposed to the
solvent than wtGFP and its single and double mutants, so that the
water-mediated H-bonded pathway is well resolved in the X-ray
structure of this protein. However, neither the GFP-related BFP
mKalamal, nor any other GFPs studied so far, reveal this
pathway to be functional in ESPT, except for GFP
T203V/S205A.'° But even in the latter case, ESPT occurs with a
remarkably small quantum efficiency. Therefore, even though we
might always expect these transient or permanent water-mediated
pathways to exist in the GFPs, their efficiency in transferring
proton to the bulk from the neutral Cro upon excitation is low.
Indeed, the presence of this water-mediated channel in mKalamal
does not enable ESPT, as confirmed by the present transient
fluorescence spectroscopy measurements.

The fact that no ESPT is observed in the present study can well
be rationalized by considering the proton transfer to the bulk as a
step-wise process. The first proton acceptor is the water molecule
directly bound to the Y66 hydroxyl group (Fig. 3a and 5a).
Whether or not this water molecule may efficiently mediate the
proton transfer depends on its pK, compared to that of the Y66
phenol in the excited state of the Cro. The single water molecule
appears to be a poor proton acceptor, taking into account that the
charged residue R224", which is only 7.2 A apart, disfavors a
formation of H;0" close to the Cro anion, so that the neutral Cro
prevails. As opposed to mKalamal, the substitution V224R is not
present in GFP T203V/S205A, and the inefficient step-wise
ESPT is enabled through a transiently formed water chain.'®

At the same time, the water-mediated proton wire should indeed
facilitate the deprotonation of the ionized planar Cro in its radical
cation form, which is highly disfavored in the positively charged
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Cro binding pocket of mKalamal. The optimized equilibrium
structure of Z' supports this by revealing a partial formation of
the H;0" ion bound to the Cro neutral radical (ESI, Fig. S16b).
Therefore, in mKalamal, the planar Z~ Cro can undergo
deprotonation only following its ionization. However, the present
transient absorption studies provide clear evidence for the
formation of ground-state anionic intermediates that are likely to
be formed during the non-radiative deexcitation, induced by
twisting in the Cro methylidene bridge, as discussed below.

Excited-state decay channels

To interpret the relaxation kinetics, we first analyze the rapid, ns-
timescale electronic relaxation out of the first excited state. The
observed multi-exponential fluorescence decay of mKalamal
(ESI, Fig. S1) can be caused either by a ground-state
heterogeneity or by a Cro flexibility leading to
photoisomerization-induced deactivation; the latter has been
shown for both GFP* and the free Cro in all protonation
states.***> Our group*®*® and others® have demonstrated almost
the complete restoration of fluorescence in “locked” compounds.
The correlation between the phenyl-imidazolone dihedral angle in
several FP chromophores and their fluorescent lifetimes has also
been revealed.”® One cannot, however, ignore other deactivation
pathways such as the torsional deformation of the phenyl single
bond.>'* For the isolated Cro anion, we have previously shown
that there are indeed two distinct types of the so-called conical
intersections, where the crossing between the ground and excited
states is induced by twisting in the Cro methylidene group in both
cases.”

The various protein environments alter the branching in the FPs
30 deexcitation pathways. In wtGFP, IC is largely suppressed due to
high barriers that prevent Cro from twisting. The barriers are
imposed by the extended H-bonded network involving the Y66
phenol ring. In mKalamal, the hydrophobic protein cavity of Y66
facilitates the intramolecular rotation. The protein can
accommodate such twisting by adjusting the two dihedral angles
in the methylidene bridge. Moreover, IC proceeds through a
twisted intramolecular charge transfer pathway accompanied by
distinct changes in the Cro electronic structure,” thus changing a
pK, of its phenol ring. Therefore, the photoinduced twisting
influences both the Cro acidity and a distance between the proton
donor and acceptor inside the protein, enabling a proton transfer
otherwise locked for the planar Cro in mKalamal. As in wtGFP,
the E222 residue located close to the Cro remains to be the proton
acceptor, as it follows from the X-ray crystal structure analysis
and is further supported by the QM/MM calculations.

One-photon IC-induced branches

In mKalamal, the photoinduced deprotonation proceeds faster
than 1 us. A huge fluorescence intervention prevents us from the
experimental tracking of TA on the sub-pus time scale, and the
sequence  of  isomerization/deprotonation
(parallel/coupled/consecutive) is yet to be studied. Based on the
striking similarity between the high pH-induced, dark-adapted
state spectra of mKalamal (Fig. 1a) and the spectra of the 6 ps
and 98 ps TA components at pH 7.5 (Fig. le), we propose that
the sub-ms kinetic phases reflect the "delayed" reprotonation of
the ground-state deprotonated Cro. Since the formation of Z* at
pH 7.5 is thermodynamically unfavorable and the *Z* form has
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Fig. 9 Three branches in the photocycle of mKalamal.
Shown are the characteristic decay times and the wavelengths
of the spectroscopically detected intermediates.

not been detected in the emission spectra, we conclude that the

75 anionic species detected in the TA spectra at ca. 489 nm at early

times (¢ < 1 us) are the E- and Z-anions (E™450 and Z%4g), which
are formed following IC coupled to the intraprotein proton
transfer (Fig. 9, branch I). This is fully consistent with the
calculated vertical excitation energies of these anionic forms
inside the protein containing the protonated E222: 488 nm and
490 nm for Z* 50 and E™ g0, respectively (Fig. 7). At a later stage,
the bathochromic shift to 505 nm can be referred to the TA of the
zwitterionic form, Z”Vss (Fig. 8), efficiently populated when a
transient water-mediated proton back-transfer pathway has not
been formed yet (Fig. 9, branch II).

Supporting our hypothesis for the “delayed” reprotonation, the
kinetics of both first (6 ps) and second (98 us) components
exhibit a pronounced 3-fold H/D isotope effect (ESI, Fig. S17) in
the pH region where both are nearly pH-independent (ESI, Fig.
S7). The latter excludes a thermodynamic isotope effect and
points out to a true kinetic effect; this also excludes the
possibility that some of these phases are rate-limited by Cro
conformational changes, without proton rearrangements. The 98
us component is pH-sensitive above pH ~8.5, while the 6 ps
component remains mostly unchanged until pH 11 (ESI, Fig. S7).
Therefore, the faster component represents the reprotonation of
the Cro by an internal (not in rapid equilibrium with the bulk)
proton donor coupled to the simultaneous E—Z backward
isomerization, whereas the 98 pus component refers to the
regeneration of the dark-adapted state from the planar Z-forms of
the Cro through a transient formation of water-mediated proton
wires inside the Cro binding pocket.

The remarkably short us lifetime of the ground-state E-anion is
fully consistent with its distorted quinoide-like structure, which is
pre-twisted about the Im-C bond (Fig. 7b), thus facilitating the
fast backward isomerization of the Cro. The longer time scale
reprotonation of the Z-anion, which is formed either right after IC
or following the ground-state E—Z isomerization without
simultaneous proton transfer, can occur through at least two
alternative pathways. The direct proton back-transfer pathway
from E222 to the Cro Z-anion includes the formation of a low-
barrier hydrogen bond structure, which lies ca. 10 kcal/mol above
the structure with a disrupted chain of water molecules, 72150
(ESI, Fig. S14). The second step-wise pathway, along which the

s Cro zwitterionic state is populated prior to the dark-adapted state
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is regenerated, occurs through the transient states that are much
closer in energy than those along the first route. The largest
energy gap between the two structures with a disrupted and
transiently formed water chain is ca. 6 kcal/mol (ESI, Fig. S15).
Therefore, the experimental spectral shift in the TA absorption
that agrees well with the difference in the calculated vertical
excitation energies of the anionic and zwitterionic Cro forms
indicate that both forms are populated at different stages in the
photocycle of mKalamal. We also note that reprotonation of the
ground-state anion is a continuous phenomenon, and the two
distinct kinetic phases might not be enough for the full
description; the two phases should, therefore, be regarded as a
"first approximation" to the relaxation kinetics.

Further corroboration for a coupled deprotonation(reprotonation)/
isomerization process comes from the study of other GFP
variants. The characteristic interconversion time scales observed
in mKalamal match those of the GFP variant GFPmut2, with
three mutations S65A, V68L, and S72A.>* The photodynamics of
GFPmut2 and its photoswitchable variant with the E222Q
replacement (GFPmut2Q) have extensively been studied using
FCS and single-wavelength TA.'7'82%%  The FCS analysis of
GFPmut2 reveals two components with similar lifetimes to those
found in mKalamal: a pH-dependent component with t=10-100
ps and a laser power-dependent component with 7=100-500 ps.'®
The former is attributed to protonation-deprotonation of the GFP
Cro, whereas the latter refers to an excited-state process unrelated
to the proton transfer. The sub-ms protonation dynamics has also
been investigated in GFP S65T, using pH-jump experiments.*® It
has been found that the proton transfer inside GFP is coupled to
the protein dynamics.”’

At the same time, a class of optically modulatable BFPs that
originate from a double mutant GFP T203V/S205V exhibits the
photoinduced ground-state E* — Z" relaxation dynamics on a
longer time scale of 10-100 ms,”® relative to that observed in
mKalamal. These proteins absorbing at 390 nm are specifically
optimized to enable efficient steady-state population of anionic
dark states with a shifted transient absorption to ca. 500 nm, with
ms-lifetimes of their kinetically trapped E-anionic states. The
mutations H148K and V150A are shown to be of particular
interest in this respect.® A singly mutated protein mKalamal
G148K exhibits the relaxation kinetics on a time scale of 10 ms,
which is remarkably longer than that found in both mKalamal (z
= 6-98 ps) and GFP T203V/S205V (r ~ 240 ps, see ESI, Fig.
S18). The analysis of the calculated structure of the transient E-
anion state found in this work well explains such different
relaxation timescales of the anionic transients. While the
backbone of both G148 and K148 contributes to only a weak
stabilization of the Z-anion (Fig. 7a), the positively charged
flexible side chain of K148 is capable of stabilizing E-anion
through formation of a strong H-bond (Fig. 7b). Also, upon the
V150A point mutation, a less bulky side chain at the position 150
should be favorable for the E-anion formation. Therefore, all the
data available strongly support our assignment.

Two-photon radical branch

The decay of the 430 nm TA band (Fig. 1d) contains two
components, with =370 ms and 7 > 10 s (Fig. le). To study the
possibility of multiphoton excitation we have measured the power
dependence of the transient absorption of mKalamal by
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Fig. 10 Schematic representation of consecutive two-photon
absorption events, which result in the protein photoionization
and further the deprotonation. The relaxation kinetics along
this branch includes the radical recombination followed by
the re-protonation on the time scale of seconds.

excitation at different flash energies (ESI, Fig. S19). The kinetic
and spectral analysis of the TA demonstrates that the 430 nm
transient has no appreciable rise within the observation time
window (¢ > 1 ps) and appears synchronously with the Z*/E*
anions within the experimental error. Since the spectral shape of
the 430 nm transient does not change over six orders of
magnitude in time, and its lifetime is much longer than the
characteristic time of the Z*/E*—Z" evolution, we exclude this
intermediate from branches 1 and II in the photocycle of
mKalamal (Fig. 9). The absorption maximum of this transient
matches the calculated vertical excitation energy of the neutral
radical Cro (Z"), with the brightest transition at 442 nm (Fig. 6). It
is also worth noting, that the Cro radical also exhibits a weak
absorption at around 700 nm. The saturation curves in the power
dependence of the TA show a remarkably identical behavior for
these spectral components at the time delays of 1 ps - 100 ps
(ESI, Fig. S20). This is in contrast to the behavior of other
spectral components, for example, at 630 nm. It indicates a
common origin of the transient spectral components observed at
430 and 700 nm, thus supporting our assignment.

Since the Cro in mKalamal is initially in the neutral protonated
state and does not undergo ESPT upon excitation, the mechanism
of the radical formation needs special attention. In particular, we
discuss two aspects: (i) the protonation state and (ii) the nature of
the photoionization process. We note, that the yield of both
components at 430 and 700 nm exhibits an #=1 hyperbolic power
dependence typical for a one-photon absorption process (ESI,
Fig. S20). However, we might expect to observe a pseudolinear
power dependence, if two photons are absorbed sequentially
through the first excited state™, in the range of flash energies
used in the present work.*® Therefore, we consider the two-
photon ionization of mKalamal with a total energy of 7 eV to be
likely, also supported by the QM/MM calculations (Fig. 10). The
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estimated ionization energy of mKalamal (8.6-8.9 eV) is
consistent with the smaller vertical detachment energy of the Cro
in the anionic state inside GFP S65T (7.1 eV), previously
calculated at the MRMP2/EFP level of theory.”® The protein
ionization in solution results in formation of a Cro radical and a
solvated electron, where the latter is bound with a considerable
energy of 3.3 eV in the bulk of water molecules,*” thus resulting
in the overall energy of the ionized protein and the solvated
electron to be 1.4-1.7 ¢V lower than the ionization energy of two
355 nm photons. The broad, weak TA band of solvated electrons,
spanning beyond 500 nm,**' has indeed been observed in the
present experiments (Fig. 1c and ESI, Fig. S6). Solvated electrons
have previously been registered in photoactive yellow protein
(PYP), containing a p-coumaric acid chromophore, upon two-
photon ionization,***¢' as well as for free chromophores of
PYP**® and GFP***? in solution.

The lifetime of the solvated electrons is similar to that of the third
relaxation component (t= 730 us) and is also oxygen-sensitive
(ESI, Fig. S21 and S22). This is not surprising since they can
react with oxygen to form superoxide.®* Additionally, long-
lived radicals have been detected in various fluorescent proteins
upon photolysis using EPR spectroscopy.*? The optical absorption
extinction coefficient of solvated electrons is difficult to estimate,
therefore, we are unable to determine what fraction of the protein
enters a photoinduced pathway producing solvated electrons;
however, since the yield of other products is high, the production
of solvated electrons cannot be very efficient in mKalamal.

The Cro radical cation has the bright transition, which is
significantly red-shifted to 528 nm compared to that of the neutral
radical (Fig. 6). The TA has not been observed in this spectral
window unlike the one of the neutral radical. Therefore, the
multiphoton ionization also induces a proton transfer (ESI, Fig.
S16). A presumably very low pK, of the radical cation inside the
positively charged binding cavity of the protein makes this
process irreversible, occurring on an ultrafast time scale.

It is worth noting that the radical formation can be responsible for
blinking phenomena observed in many FPs.*® Indeed, we have
also registered the formation of radical species Z° in wtGFP,
characterized by only slightly red shifted TA (ESI, Fig. S23). At
the same time, multiphoton ionization through sequential
resonant absorption of two photons requires relatively powerful
laser pulses, such as those of a nanosecond NdYag laser used in
the present work, and this process is less relevant to most
common microscopy applications of FPs. The BFP proteins,
including mKalamal mutants, have successfully been used in
two-laser imaging experiments where dark anionic species are
optically depleted.”® The role of radical species in these
experiments at a very low laser power is negligible. Precautions
should, however, apply when using focused, pulsed femtosecond
lasers with high instantaneous light intensities, which drastically
increase a probability of high-order mixed resonant and non-
resonant absorption events, as for example in multiphoton
microscopy®’.

The transient absorption at 430 nm is also consistent with the
spectral window for anionic tyrosine-based chromophores in teal
FPS (Aewern= 453/488 nm),” blue-shifted relative to GFPs. This
shift is caused by electrostatic interactions of the Cro anion with a
nearby positively charged residue H197. The ion pair R224-E222
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of mKalamal can be regarded as the analogue of H197-E215 in
TFPs. Therefore, upon transient formation of the Cro anion in the
presence of this ion pair, a blue-shifted TA band might also be
expected in the case of mKalamal. Since the spectral components
at ca. 700 and 430 nm, both assigned to the radical formed at the
earlier stages of the photocycle, have essentially different
lifetimes, we conclude that a radical recombination proceeds
faster than re-protonation of the Cro from the bulk. This gives
rise to the formation of a stabilized blue-shifted anion, Z%,3, (Fig.
9, branch II). The structure of this long-lived intermediate is
shown in Fig. 5b. The calculated vertical excitation energy of 440
nm supports the assignment.

To summarize, the complete photocycle of mKalamal shown in
Fig. 9 spans the time frame of up to seconds. Our studies reveal
diversity of the photochemistry in FPs and disclose hidden proton
transfer events, which have previously been unexplored.

Conclusions

We have for the first time performed broadband transient
absorption measurements on the microsecond-to-second time
scale to identify dark transient states in the BFP mKalamal. The
complete photocycle of this protein spanning fifteen orders of
time magnitude is proposed based on the results obtained through
time-resolved spectroscopy, X-ray crystallography and high-level
ab initio QM/MM calculations. The transient absorption data
analyzed in a pH range from 7 to 12 indicate that mKalamal
undergoes a delayed photoinduced proton transfer. The three-fold
H/D kinetic isotope effect exhibited by 6 ps and 98 pus
exponential phases in the relaxation kinetics supports this. This
isotope effect along with the hydrophobic nature of Y66 in the
chromophore-binding protein cavity suggests that upon excitation
the neutral chromophore should undergo internal conversion
induced by isomerization/twisting to deprotonate.

The X-ray structural analysis reveals no viable proton transfer
pathways inside the protein, except for a novel water-mediated
channel that links the chromophore directly to the bulk. A lack of
excited-state proton transfer shows that this channel is non-
functional in mKalamal, primarily due to the substitution V224R.
At the same time, upon photoinduced twisting or isomerization of
the chromophore, the proton transfer events include E222 as the
primary proton acceptor inside the protein.

We provide a full theoretical account for all observed transient
ground-state absorption features that have been assigned to the
anionic, zwitterionic, as well as radical forms of the chromophore
in either Z or E configurations. Based on these results, we suggest
that the non-radiative excited-state decay includes two parallel
branches: (i) internal conversion coupled to the intraprotein
proton transfer, and (ii) radical formation upon consecutive
absorption of two photons, which causes the neutral chromophore
to ionize. A radical cation, energetically disfavored, undergoes
almost barrierless deprotonation to the bulk through a novel,
water-mediated proton wire well resolved in the X-ray structure.
At the same time, resonant two-photon ionization requires
relatively powerful laser pulses, and the radical branch is less
relevant to most common microscopy applications of FPs.

Upon regenerating the dark-adapted state of mKalamal, the
intraprotein proton transfer events occur in several phases, all
within the sub-ms time frame. We conclude that the thermal re-
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isomerization coupled with simultaneous re-protonation, EASZN,
occurs on a remarkably fast ps-time scale; whereas the Z*—Z"
conversion proceeds within a time frame of ca. 100 ps — 1 ms and
includes formation of transient water-mediated proton wires
inside the chromophore-containing protein cavity. Along the two-
photon branch, the relaxation through external re-protonation of
75, following radical recombination Z° +¢—Z", occurs much
slower on a time scale of milliseconds to seconds.

Prior to this work, no full spectral information about the
transients appearing at the microsecond-to-second time scale has
been available, and the mechanistic details of photoinduced
processes in BFPs have remained elusive. This delayed reactivity,
previously unexplored, will not only bring us to the
understanding of their photoinduced dynamics, but also opens up
wide perspectives for long-wavelength optical modulation of
steady-state fluorescence in BFPs, the keystone to modern super-
resolution microscopy.>*2%%’
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