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ABSTRACT: The incredible potential for fluorescent proteins to
revolutionize biology has inspired the development of a variety of
design strategies to address an equally broad range of photo-
physical characteristics, depending on potential applications. Of
these, fluorescent proteins that simultaneously exhibit high
quantum yield, red-shifted emission, and wide separation between
excitation and emission wavelengths (Large Stokes Shift, LSS) are
rare. The pursuit of LSS systems has led to the formation of a
complex, obtained from the marriage of a rationally engineered
protein (human cellular retinol binding protein II, hCRBPII) and
different fluorogenic molecules, capable of supporting photobase
activity. The large increase in basicity upon photoexcitation leads
to protonation of the fluorophore in the excited state, dramatically
red-shifting its emission, leading to an LSS protein/fluorophore complex. Essential for selective photobase activity is the intimate
involvement of the target protein structure and sequence that enables Excited State Proton Transfer (ESPT). The potential power
and usefulness of the strategy was demonstrated in live cell imaging of human cell lines.

■ INTRODUCTION

Fluorescence microscopy has revolutionized many areas of
biomedical research. These range from fundamental studies of
in vivo protein−protein interactions, protein trafficking and
single molecule nanoscopy to a wealth of other biological
processes including whole body imaging and clinical
applications in companion diagnostics such as ISH (in situ
hybridization).1 The available toolkits that enable various
technologies within the field include fluorescent proteins
(FPs)1a,g,2 and proteins that are post-translationally modified
by synthetic dyes.1e,3 Together, these FPs provide emission
spectra spanning the visible spectrum from the blue to the
near-infrared (NIR).1c,2d,4 The spectral diversity of fluorescent
reporters enables multicolor imaging, wherein multiple target
proteins and/or organelles can be visualized in a single
microscopic experiment.4a,5

The evolving field of fluorescence microscopy has demanded
newer, more sophisticated FPs to address deficiencies of the
early generation candidates. While the ideal system might be
case dependent, optimization of a set of photochemical
characteristics is common to all; namely, photostability, red-
shifted emission, high fluorescence quantum yield (QY), high
extinction coefficient (ε), and large Stokes shift (≥100 nm).
Recently, the design of FPs with “apparent” large Stokes Shift
(LSS) has garnered attention.6 These proteins display a large
gap between the excitation and the emission maxima. Although

Stokes shift is defined as the electronic transition between the
excited and ground state of the same chemical entity, LSS-FPs
achieve their apparent large Stokes shift by a chemical
conversion of the excited state to a new bathochromic species,
with a corresponding red-shifted emission. The large Stokes
shift of these FPs is advantageous for their application in
fluorescence imaging, since the wide gap between the
excitation and emission maxima diminishes self-absorption.
This not only minimizes the inner-filter effect, but is also
beneficial in multicolor imaging experiments, wherein potential
cross-talk between multiple emitters is reduced. If properly
designed, a LSS emitter can be excited in the visible range of
the electromagnetic spectrum while it emits in the near-
infrared region. This additional feature further benefits imaging
experiments by reducing light scattering, increasing signal
depth in tissues, and eliminating autofluorescence. Although
large Stokes shift and high fluorescence efficiency are not
mutually exclusive, they are generally not encountered together
in synthetic probes.
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Fluorochromes with certain features are known to have
increased Stokes shifts. Examples are molecules that can
undergo intramolecular charge transfer (ICT) upon excita-
tion,7 form excimers/exciplexes,8 or those that are affected by
the Stark effect.9 The application of these molecules as
fluorescence imaging probes, however, is challenging in the
practical sensenonspecific targeting of ICT emitters leads to
broad emission in the biological milieu, while incorporating an
imaging trigger for the exciplex can be challenging.
Alternatively, molecules that undergo excited state trans-
formations circumvent these limitations; the absorption of
species A can lead to a transformation of the excited state to
form species B, the consequent emission of which does not
constitute the same electronic transition; thus a large
“apparent” Stokes shift is achieved (Figure 1a). This design

strategy gives more flexibility to the selection of fluorochromes
as well as an easier incorporation into host−guest systems such
as a protein−ligand complex that mimics fluorescent proteins
or other post-translationally modified tags. Perceivably, this
will allow for an easier imaging application, welcomed by a
broader community of cell biologists.
An example of the latter strategy is the case of excited state

proton transfer (ESPT). This strategy has been successfully
implemented in the GFP lineage, as well as for small synthetic
fluorescent molecules. The former is represented by a series of
LSS-FPs such as LSSmOrange, LSSmKates, mKeima,
CyOFP1, and mBeRFP, to name a few.10 Operationally, the
intrinsic fluorophores for all these FPs, the core p-HBI,
remains neutral in the ground state, while nearby amino acid
residues are engineered to engage in hydrogen bonding with
the phenolic hydroxyl group (Figure 1b). Upon light
irradiation, the acidity of the phenolic species in the excited
state increases by orders of magnitude (lowering the pKa),
enabling the proximal amino acid residue(s) to initiate a

proton abstraction, which may or may not occur through a
proton relay. The resultant phenolate, with its enhanced
conjugation, relaxes through a red-shifted emission that leads
to an apparent large Stokes shift. Critical for its success is the
placement of a hydrogen bond acceptor in proximity to the
phenolic hydroxyl to facilitate the ESPT. Reports have shown
Asp, Glu, Asn, and Lys are good hydrogen bond acceptors for
this purpose.10

Small molecules that possess an appropriate hydrogen
bonding donor and acceptor, oriented in a suitable position
and distance within the same molecular framework, can also
yield a large apparent Stokes shift through internal ESPT, or
ESiPT (Excited State intramolecular Proton Transfer).7a,11

The first reported example is salicylic acid, described by Weller
in the 1950s.12 Since the original report, a variety of molecular
families capable of the ESiPT process have been reported.
Common hydrogen bond acceptors in these systems include
benzimidazoles, benzoxazoles, benzothiazoles, quinolines,
flavones, chromenes, and anthraquinones.13 To furnish the
ESiPT process, a carbonyl or other relevant heteroatom
hydrogen bond acceptor is proximal to a phenol moiety within
the same molecule. A number of ESiPT capable molecules are
constituent elements for various chemosensors and chem-
idosimeters to probe biologically or environmentally important
chemical species.11a

To date, all reported ESPT-capable FPs and ESiPT-capable
small molecules function as photoacidsmolecules that
experience decreased pKa and lose a proton in the excited
state. In fact, most reported ESPT small molecules are
photoacids as well, with only a few known photobases.14 In
contrast to photoacids, photobases are able to extract a proton
in their excited states. In our own work, we have previously
reported a fluorene-based super photobase, FR0-SB, which is
capable of deprotonating a primary or secondary alcohol,
exhibiting a ΔpKa greater than 14 units. The protonation of the
photobase leads to an Intramolecular Charge Transfer (ICT)
system, red-shifted in the excited state, leading to a > 250 nm
apparent Stokes shift (Figure 2a).15 The latter discovery
piqued our interest for the possibility of incorporating a
fluorophoric photobase into a rationally engineered protein
carrier, with the goal of generating a photoactivatable LSS-FP.
The plan would require appropriate positioning of amino acid
side chains to facilitate the required proton source for the
photobase. To the best of our knowledge, this design strategy,
which utilizes photobases instead of photoacids, is unique and
could have advantages in generating highly conjugated polar
ICT systems in the excited state that are well red-shifted in
emission, with high QY.
Herein, we demonstrate the engineering of a small protein

receptor, which forms an imine through the reaction of
specifically designed aldehydic ligands with an active site lysine
residue. Photoexcitation of the protein/fluorophore complex
leads to ESPT, presumably as a result of the protonation of the
imine nitrogen atom via a nearby residue, judiciously placed to
deliver the proton. The subsequent generation of an iminium
in the excited state, evident from the apparent large Stokes
shift in emission, highlights the photobasic ability of the
protein/fluorophore complex. The following describes the
design of the protein binding pocket, as well as the structural
requirements of the chromophore, to yield a protein/
fluorophore complex that exhibits a large apparent Stokes
shift in excess of 200 nm, and fluorescence quantum
efficiencies >70%. To the best of our knowledge this is the

Figure 1. (a) Model for a large Stoke shift (LSS) system, as compared
to standard fluorescence. Conversion of the excited state species A*
to a bathochromically distinct molecule B* leads to the emission from
a red state, resulting in a large Stoke shift; (b) The ESPT mechanism
for LSSmOrange as a photoacid, excited at 437 nm, with emission
observed at 572 nm.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c05039
J. Am. Chem. Soc. 2021, 143, 15091−15102

15092

https://pubs.acs.org/doi/10.1021/jacs.1c05039?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05039?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05039?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05039?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c05039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


first example of a photobase active protein system. The
photophysical characteristics of an LSS fluorescent protein
complex would lay the groundwork for a new protein-labeling
paradigm for imaging and detection.

■ RESULTS AND DISCUSSION

General Consideration for an ESPT-Capable Chromo-
phore. We envisioned that the photoexcitation of an
appropriately engineered protein/fluorophore complex could
lead to an ICT species. Photobasicity would result from
localizing electron density on the electron-withdrawing
(acceptor) moiety in the excited state. With an appropriately
long excited state lifetime, the increased electron density, and
thus increased basicity, could result in protonation of the

acceptor. The protonation event would yield a red-shifted
fluorophore, hence an LSS system. As depicted in Figure 2b, an
ICT system is composed of an electron donor, a π-spacer, and
an electron acceptor. We opted for the scenario shown in
Figure 2c, where the effective electron acceptor (the iminium)
is not present in the ground state. In an operative system,
photoexcitation of the protein complex 1 will lead to an
increase of the imine’s basicity (1*) in the excited state, and
the subsequent protonation would generate an excited state
iminium (2*), producing the requisite electron acceptor for a
functional ICT system.
On the basis of our prior protein engineering work on

rhodopsin protein mimics, we opted for an aldehydic molecule
that would form the requisite imine upon reaction with an

Figure 2. (a) The Schiff base of FR0 (FR0-SB) is a strong photobase, emitting as FR0 protonated Schiff base (FR0-PSB) in the excited state; (b)
photoexcitation of push−pull systems can lead to dramatic redshift absorptions as a result of internal charge transfer (ICT); (c) illustrated is the
design principle for a photobase capable of ICT. The aromatic spacers behave as “circuit breakers”, which are triggered open by photoexcitation.
The charge redistribution increases the basicity of the imine, leading to a red-shifted ICT system; (d) the imine of TD-1V (TD-1V-SB) and FR-1V
(FR-1V-SB), are weak photobases ideal for the proposed studies.
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active site lysine residue in the protein host.16 Our work with
the super photobase FR0-SB (vide supra) provided the
structural requirements for generating an ICT system; an
electron donor appendage (diethylamino group), a π-spacer
(fluorene), and an electron acceptor unit (imine). Yet, FR0-SB
was not considered as a promising candidate because of its
strong activity as an ESPT capable fluorophore, which we
deemed detrimental in achieving selectivity and low back-
ground. Thus, we opted for an imine system that exhibited
weak ESPT in protic solvents. This may seem counterintuitive;
however, it is imperative that the iminium is generated in the
excited state, and only in the binding cavity of the engineered
target protein; namely, the protein host should play a critical
role in the proton transfer event. This ensures that nonspecific
imine formation in the biological milieu is inconsequential,
since ESPT is only possible in the designed protein
environment. In this manner, it should be possible to achieve
selectivity, as emission of the iminium is only observed in the
target protein.
Another route to heighten selectivity is to accelerate

protein/fluorophore maturation kinetics relative to nonspecific

imine formations. A properly oriented protic amino acid
residue may not only facilitate ESPT to the imine, but could
also accelerate imine formation through hydrogen bonding
with the aldehydic oxygen. In fact, we have previously shown
that the incorporation of a single acidic residue can lead to >26
fold rate enhancement in imine formation.16c The rapid imine
formation with the protein target differentiates it from
nonspecific reactions in the biological milieu, such that the
fluorescence from the target protein dominates, hence resulting
in negligible background. Finally, the ability to control the pKa

of the resultant imine in the binding pocket of the target
protein is key, since ESPT is impossible if the imine is already
protonated in the ground state.
In line with the structural requisite for an ESPT-capable ICT

dye, we selected a panel of fluorophores that contained a
push−pull scaffold for ligand/protein complex engineering.
These included a Dapoxyl analog with red-shifted emission and
high quantum yield (TD-1 V, Thio-Dapoxyl with 1 vinyl
appendage, Figure 2d),17 and derivatives of FR0 with reduced
photobasic ability (see below for structures, and Table S6 of
the Supporting Information, SI, for photochemical details).

Figure 3. (a) UV−vis and fluorescence spectra (380 nm excitation) of TD-1V/M1 complex at pH 7.2 leads to SB emission at 474 nm, while the
acidified sample (pH 3.3) is red-shifted to 621 nm (PSB form), with emission at 692 nm; (b) energy minimized structure of TD-1V/Q108K-
hCRBPII complex with selected residues within 10 Å of the imine nitrogen atom highlighted; (c) UV−vis and fluorescence spectra (397 nm
excitation) of TD-1V/M3 complex, exhibiting ESPT emission with >200 nm Stokes shift. Comparison below figure highlights the reason why the
ESPT generated iminium is blue-shifted relative to the iminium generated via acidification of the media; (d) excitation spectrum of the TD-1V/M3
complex (emission observed at 605 nm); (e) emission spectra of TD-1V/M3 complex, excited at 280 and 397 nm; and (f) emission of the TD-1V/
M3 complex incubated at various pH values, exhibiting a pH working range (∼5−10) of the pigment with high emission output.
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Early evaluation focused our attention on TD-1 V, as well as
FR-1 V, a homologue of FR0, both of which demonstrated
spectroscopic characteristics that were on par with those
described above, i.e., fluorophoric molecules capable of
forming an ICT system upon Schiff base formation, yet with
depressed photobase activity in protic solvents. Comparing the
emission of FR0-SB with that of FR-1 V-SB in ethanol, it is
quite evident that the former leads largely to the emission from
the iminium via ESPT, while the latter displays only a small
portion of fluorescence resulting from ESPT (Figure S1, see
trace in EtOH, Table S7). A further check on TD-1 V-SB
shows an even smaller portion of its fluorescence arising from
ESPT (see Figure S1, trace in EtOH). The project now
required a protein capable of binding the ligands as an imine
with an active site lysine residue. Further engineering of the
protein’s active-site cavity would be required to not only
ensure a low pKa for the imine (to avoid protonation in the
ground state), but also judiciously place amino acids relative to
the position of the fluorophore to promote high levels of ESPT
within the binding pocket.
Protein Reengineering. TD-1V was chosen as the

starting ligand for protein reengineering. As described in detail
below, our efforts focused on the reengineering of human
Cellular Retinol Binding Protein II (hCRBPII), a small (136
aa), cytosolic protein with high expression yields and excellent
structural resiliency, as a host for the fluorogenic dyes.16a,18

Our prior work in this area has provided the required insight
for reengineering this family of proteins.16a−d,19 Most critical
for the success of any protein engineering effort, is the
robustness of the protein structure to numerous mutations. In
our studies with over 500 mutants, hCRBPII has proven itself
as a durable and structurally robust protein.
Introduction of a Glutamic Acid Residue as Proton

Donor. Investigations to find an appropriate protein host for
TD-1V began with the Q108K:K40L double mutant of
hCRBPII. Prior studies have shown that these two mutations
are critical for binding an aldehydic chromophore,16a albeit
requiring optimization for each ligand family. Q108K serves as
the active-site lysine for reaction with the aldehyde, while the
K40L mutation presumably removes interactions between
Q108K and Lys40 that is detrimental to imine formation.
Addition of TD-1V to Q108K:K40L-hCRBPII led to the
formation of the iminium, although the protein/fluorophore
complex was not stable and its UV−vis spectrum was broad
and featureless (Figure S2). After extensive structure-guided
screening (see SI and Figure S3 for details), we arrived at the

Q108K:K40L:T53A:R58L:Q38F:Q4F-hCRBPII hexamutant
(M1), which in part had followed parallel reengineering efforts
utilizing retinal as a ligand.16a,20 The three hydrophobic
mutations (T53A, R58L, and Q38F) were introduced to
increase binding affinity and enhance the rate of pigment
maturation. The Q4F mutation typically increases soluble
protein expression, but more importantly, aids in suppressing
the pKa of the iminium, ensuring that the ground state system
is populated solely as the imine.
M1 binds TD-1V as a SB in PBS buffer (pH = 7.2), as

evident by its blue-shifted absorption (λabs = 380 nm, pKa =
5.1) Excitation at 380 nm led to the predominant emission of
the imine at 474 nm (Figure 3a). Incubation of TD-1V/M1
complex in acidified PBS buffer (pH 3.3) yields the protonated
SB, with absorption at 621 nm. Excitation at the latter
wavelength leads to emission at 692 nm. The absorption and
emission values for the ground state SB and PSB forM1 define
the anticipated spectroscopic regions for each state. We
surmised that a nearby acidic residue could provide the
necessary proton for a weak photobase, and thus, 19 residues
proximal to the putative imine nitrogen atom were individually
mutated to Glu (Q4, W8, Q38, K40, I42, F49, T51, T53, V62,
F64, V86, L93, C95, W106, L115, L117, L119, Q128, and
F130, Figure 3b). Residues as far as 10 Å from the imine were
examined, owing to the possibility that ESPT could occur as a
result of remote hydrogen bonded water networks (through
proton relays). Unfortunately, a number of the mutants led to
insoluble protein expression. Nonetheless, soluble protein was
obtained after placement of Glu at nine positions (K40, T51,
V62, I42, L117, T53, L119, Q38, and Q128) in the parent
mutant M1.
The absorption spectra of TD-1V/hCRBPII mutant

complexes can have two maxima, depending on the pKa of
its corresponding imine. The engineered sequences favored
mutants with low pKa, such that the ground state species could
be protonated in the excited state. The excitation of the SB in
these complexes can lead to two emission maxima,
corresponding to fluorescence from the neutral (∼480 nm)
or the protonated imine (>600 nm) in the excited state as a
result of ESPT. Figure 3c depicts the UV−vis spectrum of TD-
1V/M3 complex with absorption maximum at 397 nm,
corresponding to its SB form (pKa 5.2, see Figure S4 for pKa
measurements). Excitation of the complex at 397 nm leads to
fluorescence centered at 605 nm, red-shifted far beyond the
anticipated region for emission of the SB. Apparently, Glu40 is
incapable of protonating the imine in the ground state to any

Table 1. Spectroscopic Properties TD-1V/hCRBPII Mutant Complexes

mutant hCRBPII mutanta λabs λem (SB) λem (PSB) Φb ΦESPT

M1 Q108 K:K40L:T53A:R58L:Q38F:Q4F 379 474 n.d. 0.03 <0.02
M2 Q108 K:K40L:T53A:R58L:Q38E:Q4F 389 485 n.d. 0.05 <0.02
M3 Q108 K:K40E:T53A:R58L:Q38F:Q4F 397 n.d. 605 0.51 >0.99
M4 Q108 K:K40L:T53A:R58L:Q38F:Q4F:I42E 406 n.d. 603 0.41 0.97
M5 Q108 K:K40L:T53A:R58L:Q38F:Q4F:T51E 399 n.d. 602 0.12 0.86
M6 Q108 K:K40L:T53E:R58L:Q38F:Q4F 387 480 n.d. 0.04 <0.02
M7 Q108 K:K40L:T53A:R58L:Q38F:Q4F:V62E 386 474 598 0.08 0.27
M8 Q108 K:K40L:T53A:R58L:Q38F:Q4F:L117E 391 486 653 0.13 0.73
M9 Q108 K:K40L:T53A:R58L:Q38F:Q4F:L119E 384 479 n.d. 0.05 0.13
M10 Q108 K:K40L:T53A:R58L:Q38F:Q4F:Q128E 385 473 n.d. 0.05 <0.02
M11 Q108 K:K40E:T53A:R58W:Q38F:Q4F:Y19W 392 n.d. 621 0.43 >0.99
M12 Q108 K:K40D:T53A:R58L:Q38F:Q4F 393 481 639 0.34 0.81

a20 μM protein and 0.5 equiv TD-1V at pH 7.2. bAbsolute quantum yield was measured on a Quantaurus-QY. Not detected (n.d.).
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appreciable extent, yet, upon photoexcitation, the enhanced
basicity of the imine triggers proton transfer to yield the
iminium, which relaxes partly through fluorescence, followed
by proton loss.
The blue-shifted emission of the TD-1V/M3 complex (605

nm) relative to the protonated TD-1V/M1 complex (692 nm)
warrants explanation. The change in emission reflects the
interaction of the Glu40 anion, generated after proton transfer,
leading to a charge stabilized ion-pair that localizes the cationic
charge on the nitrogen atom. This reduces the conjugation of
the positive charge along the π-system, and consequently yields
the blue-shifted emission. This speculation arises from our
prior work that demonstrated the same phenomena in
absorption regulation of rhodopsin protein mimics, where a
salt bridge interaction at the iminium led to blue-shifted
absorptions.16a In comparison, the TD-1V/M1 complex,
acidified to a pH of 3.3, leads to the same iminium, yet
lacking the anionic interaction that would localize charge on
the nitrogen atom. The observed red-shift is due to the greater
delocalization of the positive charge along the polyene.
Emission data, obtained upon excitation of the SB at its

absorption maximum for the nine mutants discussed above, are
listed in Table 1. We defined ΦESPT as the fraction of the total
fluorescence that originates from the excited state iminium.
Briefly, the fluorescence spectrum was deconvoluted to give
separate traces representing the emission from the neutral and
protonated imine, respectively. The area under each
deconvoluted peak was integrated to provide the relative
percentage of total fluorescence quantum yield. The value
derived from the iminium is defined as ΦESPT (see Figure S5
for a representative example for spectral deconvolution and
calculation of ΦESPT). Consequently, larger ΦESPT values
denote a more facile ESPT process.
High ΦESPT values were obtained for hCRBPII/TD-1V

complexes that possess either K40E, I42E, or T51E mutations
(Table 1,M3, M4, and M5), highlighting efficient ESPT of the
imine (ΦESPT ≥ 0.86). Among the latter mutants, high
fluorescence quantum yields were observed for M3 and M4
(0.51 and 0.41, respectively), while a pronounced reduction
was observed for M5 (0.12). On the basis of numerous crystal
structures of this series of proteins in the PDB, the putative
positions of all three residues are in close proximity (∼5 Å) to
the imine nitrogen atom. Variants with V62E and L117E (M7
and M8, respectively) lead to a significantly lower ΦESPT, with
emission that results from both the chromophore’s SB and PSB

forms in the excited state; the remaining mutants led to typical
SB emission as the major fluorescing event.
The excitation spectrum of the TD-1V/M3 complex,

collected at 605 nm, verifies that the observed fluorescence
originates from the SB (Figure 3d). Interestingly, the excitation
spectrum also shows an absorption at ∼280 nm, which
presumably belongs to the Trp residues in hCRBPII. As a
confirmation, excitation of the protein complex at 280 nm
leads to peaks at both the expected SB and ESPT emissions of
the bound chromophore. This observation suggests the
existence of an energy transfer process from tryptophan to
the bound TD-1V-SB (Figure 3e).
ESPT for the TD-1VM3 complex is observed over a wide

range of pH values, as shown in Figure 3f. Fluorescence
emission is maximal at pH 6−9 and drops at more acidic or
more basic pH values. At pH 10, the blue-shifted peak
(emission of the SB) appears at <500 nm, presumably as a
result of the deprotonation of the glutamic acid at position 40,
and/or a less active bound water molecule as a proton donor.
One would assume that a system with a stronger ICT would
yield a more basic excited state capable of ESPT. At pH values
below 5, the imine is protonated, and thus incapable of ESPT.
If necessary, the working window can be adjusted based on the
pKa of the ground state iminium. We have previously shown
that the pKa can be adjusted through sequence alterations of
the binding pocket in a rational manner.19

Structural Determinants of Optimal ESPT Variants.
Sequence comparison of M1 (not capable of ESPT) with M3
(full ESPT) leads to the conclusion that the glutamic acid at
position 40 must be responsible for providing the proton to the
photobase upon photoactivation. Unfortunately, crystallization
of the TD-1V/M3 complex was not fruitful. Previous
investigations with retinal as ligand had shown that the
inclusion of two additional Trp residues at positions 19 and 58
results in a more ordered chromophore in the binding pocket.
This inspired the Q108K:K40E:T53A:R58W:Q38F:Q4-
F:Y19W (M11) variant, which gave similar ESPT spectro-
scopic results (Table 1) and readily produced well-diffracting
crystals suitable for structural analysis. The structure shows
that the Glu40 carboxylate oxygen atoms are ∼5 Å from the
imine nitrogen atom (Figure 4a), too far for direct interaction.
A direct imine carboxylate interaction would likely lead to an
iminium at physiological pH, which would be incompetent for
ESPT. The conformation of Glu40 is defined by water-
mediated interactions with the side chain of Thr51 and the

Figure 4. (a) UV−vis, fluorescence (>99% ϕESPT), and crystal structure of TD-1V/M11 complex. The imine nitrogen atom is ∼5 Å from Glu40,
which is presumably the proton source for the formation of the iminium upon photoexcitation; (b) highlighted is the water molecule that interacts
with K40E and the main chain carbonyl of Y60 and T51. These interactions lead to the proposition that the K40E side chain is protonated in the
ground state, poised to deliver the proton to the imine upon excitation.
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mainchain carbonyl of Tyr60 (Figure 4b). We surmised that
both Thr51 and Tyr60 act as hydrogen bond acceptors to the
water molecule, since Thr51 is also hydrogen-bonded to its
own mainchain carbonyl. This would suggest that Glu40 is
protonated and participates as a hydrogen bond donor for the
water molecule. More importantly, the ground state structure
corroborates the lack of any observable PSB at pH 7.2, since
Glu40 maintains its proton as a result of the latter interactions
In fact, the same interactions could also stabilize Glu40 as it
donates a proton during the ESPT process. The intervening
region between the SB and the carboxylate is surrounded by
hydrophobic residues, apparently increasing the Glu40 pKa and
excluding water from the region. Though this discussion
assumes ESPT emanates from the fluorophore conformation
observed crystallographically, other ESPT-competent fluoro-
phore conformations cannot be ruled out.
The analogous Asp40 mutant also supports protonation of

the excited state species, but with reduced efficiency (∼80%
transfer) and a higher imine pKa (6.4 as compared to 5.2 for
Glu40). The smaller SB population leads to less available imine
for ESPT. At first glance, it seems counterintuitive that the
shorter Asp side chain would lead to a higher pKa of the bound
TD-1V-PSB, as the longer Glu side chain should be closer to
the imine, and thus enjoy enhanced electrostatic interactions.
This piqued our interest in factors that not only affect the pKa
of the SB, but also could lead to more facile ESPT.
Crystallographic analysis of the K40D variant indicates that
the Asp40 side chain maintains a similar 5 Å distance to the
imine, but does not make the water mediated interaction with
Thr51 and Tyr60 seen with Glu40 (Figure S6). In contrast to
Glu40, Asp40 can donate its proton to the imine, stabilizing
the ensuing charge through ionic interactions, which leads to a
higher pKa. The pKa’s of the carboxylic acid and the iminium
are coupled due to their proximity, thus the pKa of the iminium
is governed by its interactions with the carboxylate side chain.
The reduced ESPT efficiency may be related to the absence of
interactions that would stabilize the position of Asp40 (Figure
S6). Furthermore, the K40D mutant M12 produced a less
stable protein product, and was prone to dimerization.
Together these results are illustrative of how intricate water-
mediated interactions lead to the low iminium pKa and high
ESPT efficiency required to optimize an LSS fluorescent
protein.
Evaluation of Other Ionizable Residues. Because

introduction of Glu or Asp at residue 40 leads to ESPT, we
hypothesized that other residues may be able to support the
ESPT process as well. Hence, as listed in Table 2, Glu40 was
replaced in M3 with other amino acids with proton-bearing
side chains. Neither cysteine (M13) nor threonine (M14) led
to ESPT upon excitation of the SB at physiological pH (Figure
S7), and produced spectra similar to that observed for M1
(K40L, see Figure 3a). However, substitution of basic residues
histidine (M15), lysine (M16), and arginine (M17) in position
40 resulted in partial ESPT (Figure S8). Presumably, they
either directly protonate the imine in the excited state, or they
polarize a hydrogen bonded water molecule, which would
function as the proton donor. Nonetheless, their Φfl were
much lower than that observed with K40E (M3). A potential
explanation is that the carboxylate counteranion, produced as a
result of ESPT from Glu, has a stronger interaction with the
iminium as compared to the iminium/amine pair, which results
from ESPT with His, Lys or Arg. The ionic interaction may
lead to chromophore rigidification and a higher quantum yield.

Similar to the basic residues, glutamine (M18) and tyrosine
(M19) showed dual fluorescence bands (blue-shifted emission
from the SB and red-shifted emission from the protonated
excited state of the SB) with suppressed quantum yields
(Figure S9).

Expansion of the Ligand Scope for ESPT. Inspired by
the ESPT results obtained with TD-1V, we explored the
efficiency of other ligands (FR0, FR-1V, FR-2V, and FR-Th)
to elicit ESPT when complexed with M3 (Figure 5). The

characteristic ESPT long wavelength emissions were observed
to various extent with FR-1V, FR-2V, and FR-Th, although the
FR-Th/M3 complex was not ideal, with low ΦESPT (0.14).
Interestingly, the FR0/M3 complex was not ESPT active, yet it
exhibits full ESPT with an alternate mutant that contains
K40D and V62E as potential proton donors (see Figure S10).
This highlights the obligatory role of the protein host in
providing a path for proton transfer, which also depends on the
structure and trajectory of the bound molecule in the active
site. Similar to TD-1V, the FR-1V/M3 complex exhibits
complete ESPT- with its long wavelength emission band
centered at 595 nm (ΦESPT > 0.99), along with a surprisingly

Table 2. ESPT of M3 Mutants at Position 40

mutant residue 40a λabs λem (SB) λem (PSB) Φb ΦESPT

M1 K40L 379 474 n.d. 0.03 <0.02
M3 K40E 397 n.d. 605 0.51 >0.99
M13 K40C 383 480 n.d. 0.07 <0.02
M14 K40T 386 487 n.d. 0.13 <0.02
M15 K40H 393 477 642 0.09 0.50
M16 K40 389 491 661 0.08 0.40
M17c K40R 392 492 653 - 0.43
M18 K40Q 388 488 663 0.11 0.11
M19 K40Y 393 495 674 0.04 0.14

a20 μM protein and 0.5 equiv TD-1V at pH 7.2. bAbsolute quantum
yield was measured on a Quantaurus-QY. cThe QY of M17 could not
be obtained due to its inherent instability. Not detected (n.d.).

Figure 5. Structure of various ICT-capable fluorophores complexed
withM3 as a Schiff base (SB). TD-1V and FR-1V stand out with high
ϕESPT (>0.99).
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effective fluorescence QY (72%), and an apparent Stokes shift
of over 200 nm (Figure 6a). Its excitation spectrum also shows
double maxima at 280 and 595 nm, respectively, as observed
with TD-1V/M3 (see Figure S11). This spectroscopic
resemblance may be attributed to the similarity between FR-
1V and TD-1V in terms of their molecular geometries,
conformations within the protein cavity, and electronic
structures. Not surprisingly, FR-2V, with its increased
conjugation, led to a more red-shifted absorption for its SB
and its corresponding ESPT emission when complexed with
M3 (405 and 663 nm, respectively). Nonetheless, ESPT
emission suffered somewhat (ΦESPT = 0.82), likely as a result of
its increased flexibility.
Though structures could not be obtained for any of the FR

fluorophores bound toM3, the FR-1V/M15 complex, differing
from M3 only at position 40 (K40H versus K40E in M3),
produced well diffracting crystals. The latter complex exhibits
the anticipated ESPT behavior, albeit less robustly, with the
most significant issue being the prevalence of the iminium state
at pH 7.2 (Figure S12). A possible explanation for the spectral
properties is inspired by the structure of the complex (Figure
S13). Two distinct conformations of K40H are seen in the four
molecules that comprise the asymmetric unit. In two chains (A
and B), K40H makes a direct interaction with the iminium
nitrogen atom (3.0 Å), while in the other two chains (C and
D), K40H rotates away, and instead makes a water mediated
hydrogen bonded network with Gln128 and Arg35. Likely,
K40H’s direct interaction stabilizes the PSB (increased pKa),
explaining the significant amount of the protonated imine.
Alternatively, in chains C and D, where the K40H is rotated
away from the imine, the pKa is suppressed, yet its proximity to
the His residue accommodates ESPT. This is similar to that
seen for M11-bound TD-1V, where Glu40 is nearby, but not
directly interacting with the imine of the SB.

Live-Cell Imaging. Our next aim was to demonstrate that
the utilization of the photobase-initiated ESPT process can
complement current photoacid−based LSS design approaches.
We chose the hCRBPII hexamutant M3 for proof-of-principle
live-cell imaging. As discussed earlier, it is critical to have a
rapid binding event between the chosen aldehydic ligand and
the protein host, such that its formation outcompetes other
possible nonspecific binding within the biological milieu. This
effectively minimizes background fluorescence from unin-
tended sources. Initial screens with ligands was performed with
a mixed order binding kinetic measurement. M3 (20 μM) was
incubated with selected ligands (10 μM) at room temperature.
TD-1V and FR-1V exhibited fast binding kinetics with half-
time of 1.5 min and 0.16 s, respectively (see Figure S14). We
further measured the second order binding rate constant of
FR-1V with M3 (1.38 × 106 M−1 s−1, see Figure S15 for
detail). Cellular imaging with far-red/near-infrared emitting
pigments is preferred because of their cleaner optical window,
deeper penetration depth, and minimal fluorescence back-
ground. With the latter consideration in mind, along its
superior photochemical characteristics, and rapid pigment
maturity (Figure 6a), FR-1V was chosen for the proof-of-
concept cell imaging assays.
Three different C-terminus appended constructs of M3

cloned into a pFlag-CMV2 vector were prepared: (1) 3 × NLS
tag (three sequential nuclear localizing sequences); (2) NES
(nuclear export signal) tag; and (3) CAAX motif, for plasma
membrane localization. All constructs contained an EGFP gene
inserted at the N-terminus ofM3 to serve, not only as a control
for transfection, but also as an indicator for colocalization with
the ESPT fluorophore. HeLa cells transfected with the
constructs described above were incubated with FR-1V (500
nM) for 1 min at 37 °C, washed 3 times to remove the dye
containing media, and immediately subjected to imaging. The

Figure 6. (a) FR-1V complexed with M3 yields a SB in ground state (λmax 392 nm, pKa = 5.2). ESPT of the complex leads to emission at 595 nm;
(b) compartmentalized FR-1V/M3 imaging in live HeLa cells. NLS = nuclear localization sequence. NES = nuclear export sequence. CAAX =
prenylation tag. Cells were stained with 500 nM FR-1V and incubated at 37 °C for 1 min. Cells were washed 3 times with DPBS before imaging.
Scale bar, 10 μm.
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field of view was excited with a 405 nm LED laser, and the
emission resulting from ESPT was collected through a 615 nm
long-pass filter, non-ESPT based emitters. Even though the
615 nm long-pass filter (LP615 channel) essentially filters half
of the ESPT emission band, the resultant images were bright,
enabling fine structural visualization of labeled plasma
membrane (see Figure 6b). To further examine the labeling
and ESPT fluorescence signal specificity, the pixel profiles of
EGFP and ESPT emissions from the two channels are
superimposed in Figure 7. Since EGFP andM3 were appended
together, any nonoverlapping peaks in these line profiles would
be the result of off-target labeling and background
fluorescence. Happily, images of all three constructs showed
no observable background fluorescence or nonspecific labeling.
To our knowledge, the FR-1V/M3 tag is brighter than any
other LSS fluorescent proteins, and its labeling kinetics is faster
than most of the known imaging tags/labels.21

To place this work in context, it is prudent to correlate the
work presented here with our previously reported efforts with
photoswitches.16b In prior work, the FR-1V fluorophore was
used to conjugate with a different hCRBPII engineered mutant
in a proof-of-principle demonstration of a no-wash live cell
imaging in the near-infrared window. Comparable to the no-
wash system, the ESPT system reported in this work also
shows high specificity in our imaging model. Although both
systems use the same fluorophore and mutants from the same
protein scaffold, the underlying difference is in the photo-
chemical mechanics. Critically, the previous no-wash system is
realized via excited-state photoisomerization of a double bond,
which leads to a positional change of the chromophore relative
to the protein binding pocket, and subsequent ground-state
proton transfer that yields the ICT system. Thus, the ground
state is protonated, resulting in an emission with <100 nm
Stokes shift. In contrast, the current rapid LSS system is
realized via photobase-initiated excited-state proton transfer.
The two systems together highlight the ability to synthetically
tweak and control a given photochemical complex on the
molecular level in a manner to alter its energy dissipation
pathway on the surface of excited state and achieve desired

functionalities (namely isomerization of a double bond or
protonation in the excited state).

■ CONCLUSIONS

We demonstrate the conceptualization, rational design, and
implementation of a new paradigm of LSS fluorescent probes
utilizing photobasic fluorophores. Excited State Proton Trans-
fer (ESPT) leads to emission of the protein host/fluorophore
complex in the NIR region. The fluorogenic molecules
undergo Intramolecular Charge Transfer (ICT) upon photo-
excitation, leading to an increased electron density, and
heightened basicity of the imine nitrogen atom. Engineered
protein hosts are designed to not only bind the fluorogenic
molecules as an imine, but also deliver a proton upon
excitation to support the ESPT process. Such a photobase
phenomenon is rarely seen, even in small molecules in
solution. The ability to apply this phenomenon in a protein
system opens new avenues in the development of photoactive
and fluorescent proteins. Specifically, we have identified
fluorescent ligands for engineered hCRBPII protein hosts
capable of >200 nm apparent Stokes shift, maximal >70%
fluorescence quantum yield, and close to unity ESPT emission
ratio. Among these ligands, FR-1V was found to have superior
fast-labeling kinetics and rapid cell permeation. In a proof-of-
concept imaging assay, the FR-1V/M3 complex exhibits the
ability to fluoresce mammalian cells, at a wavelength 200 nm
from it is excitation, with short incubation periods, high
brightness, and excellent staining specificity. We speculate that
this concept and design is general, readily applicable to imaging
tag designs, and can be extended to much broader fields,
including smart light-responsive materials, functional probes,
and optogenetics.
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Figure 7. ESPT fluorescence specificity of FR-1V/M3. Top row shows the merged EGFP and LP615 channels of transfected live HeLa cells with
M3 localized in cell nuclei, cytosol, and plasma membrane, respectively. Bottom row shows the line profiles of colocalized EGFP and ESPT signal
along the white arrows in the top images. Scale bar, 10 μm.
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Experimental data including synthesis of the fluoro-
phores, protein expression and purification, UV−vis
spectra, HPLC extraction, crystallization conditions, and
X-ray data collection and refinement statics; crystallo-
graphic files such as atomic coordinates and structure
factors have been deposited in the Protein Data Bank,
www.pdb.org (PDB ID codes: 7LSQ, 7MFX, 7MFY,
7MFZ) (PDF)
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