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ABSTRACT: Fluorescent proteins (FPs) have become ubiquitous tools
for biological research and concomitantly they are intriguing molecules
that are amenable to study with a wide range of experimental and
theoretical tools. This perspective explores the connection between the
engineering of improved FPs and basic ideas from physical chemistry that
explain their properties and drive the molecular design of brighter and
more photostable variants. We highlight some of the progress and the
many knowledge gaps in understanding the relationship between FP
brightness and photostability. We also explore some of the pertinent
remaining questions and suggest ways in which physical chemists might
further examine the physical basis of brightness and photostability in
these systems.

1. INTRODUCTION

Since the first isolation of naturally occurring fluorescent
proteins (FPs) from marine organisms several decades ago,
subsequent developments in protein engineering have
produced a large family of fluorophores spanning the entire
visible wavelength spectrum.1,2 Applications of FPs in
bioimaging and sensing include multicolor microscopy,3

Förster resonance energy transfer (FRET)-based tools,4

fluorescence lifetime imaging microscopy (FLIM),5 voltage
sensing,6 biosensing,7 catalytic activity monitoring,8 aggrega-
tion studies,9 and nonbiophysical applications such as
biophosphors for LED lighting.10 Additionally, the engineering
of FPs exhibiting reversible and photoactivated fluorescence
and photoswitching between fluorescence bands has enabled
imaging with spatial resolution beyond Abbe’s diffraction
limit.11 Despite and because of this widespread use, develop-
ment of new FPs continues. For example, with the increasing
interest in deep-tissue imaging of live animals, significant
efforts have focused on the discovery and development of
brighter red FPs (RFPs), as longer excitation and emission
wavelengths generally provide lower scattering and increased
penetration-depth.
FP engineering is inextricably tied to consideration of

protein structure. Fortunately, hundreds of X-ray crystallo-
graphic structures of FPs at atomic resolution are available
(e.g., Figure 1). In the canonical green fluorescent protein
superfamily, the chromophorewhich is comparable in size to
synthetic small-molecule fluorophores (∼1 nm)is contained
inside a β-barrel with an internal α-helix.12 Several
chromophore variants can be autocatalytically formed from

the reaction of O2 with a tripeptide in this helix. One common
structure typically comprises p-hydroxyphenyl and imidazoli-
none moieties connected by a methylidyne bridge (Figure 1).
The electronic conjugation across this hydrolyzed tripeptide
results in a chromophore with a π → π*electronic transition
excitable at visible wavelengths. The chromophore participates
in numerous interactions with amino acids and the solvent.
These short-range interactions (e.g., hydrogen bonding) or
long-range effects (e.g., electric fields) tune the energetics and
control the electronic structure of the chromophore.
Accordingly, amino acid substitutions, sometimes surprisingly
distant from the chromophore, perturb its electronic structure,
influence the energetics of its electronic transition, and cause
changes in its conformation and the nuclear degrees of
freedom coupled to it. Additionally, the overall protein
structure governs the movement of diffusing species such as
water or O2, which can also lead to alterations in chromophore
properties. In general, it is difficult to separate the impacts of
numerous variables that nonadditively contribute to the
photophysics. All these factors should be taken into
consideration for explaining and tuning properties such as
brightness and photostability.13−16
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In addition to being useful for imaging, FPs provide an
incredible molecular framework for investigating diverse
photophysical, spectroscopic and dynamical phenomena such
as solvation dynamics, light harvesting, photoinduced excited
state intramolecular proton and electron transfer, photo-

transformations such as photoisomerization, and other
radiationless transitions.17−20 One can examine them with
biochemical or physical methods by combining spectroscopic
measurement tools including steady-state and time-resolved
optical and vibrational spectroscopy, with structural ap-
proaches such as nuclear magnetic resonance (NMR) and
both static and time-resolved X-ray crystallography. Here, we
will discuss the development of FPs, focusing on topics that
may be of interest to physical chemists. Though we will focus
on the GFP superfamily, the topics discussed below apply to
FPs of other lineages, such as those containing tetrapyrrole
chromophores.21−23 We further center discussion on bright-
ness and photostability, which are arguably the most
rudimentary fluorophore properties. As described below, it
has been a difficult task to optimize them in tandem.16 Studies
of the principles behind brightness and photostability have
been pursued in our lab for over a decade, and they provide a
platform for discussing far more general concepts. For
discussion of more complex functionalities, such as photo-
activation and photoswitching, we refer readers to other
reviews.24,25 In describing some of the biggest successes,
notable failures, and remaining challenges, we also consider the
role of physical principles in guiding design strategies.

2. BRIGHTNESS
2.1. Approaches for Improving Brightness. Fluores-

cence brightness is a molecular property defined as the product
of the molar extinction coefficient at maximum absorption
(ϵmax) and the fluorescence quantum yield (Φ). However,
when FPs are imaged in cells, the observed cellular brightness
is a consequence of additional factors such as protein folding,
kinetics of chromophore maturation, translational efficiency,
expression level (i.e., concentration), environmental sensitivity

Figure 1. (a) Crystal structure for enhanced GFP (EGFP; PDB ID:
2Y0G) showing the β-barrel encompassing the internal helix and the
chromophore, for which oxygen atoms are indicated in red, nitrogen
in blue and carbon in gray. (b) Ground state structure of the anionic
GFP-type p-hydroxyphenyl−imidazolinone chromophore (c) Ground
state structure of the anionic RFP p-hydroxyphenyl−imidazolinone
chromophore showing the extension of the electronic conjugation
through an acylimine moiety. Green and red highlighting indicate the
bonds participating in electronic conjugation (resonance) across the
chromophore. Structures were generated using VMD and ChemDraw
software suites.26,27

Figure 2. Schematic representation of the process for engineering genetically encodable fluorescent biomarkers employed in our group.
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to pH, nature of the fusion−protein construct and chemical
environment of the cellular compartment.28 The typical
development pipeline for improving brightness or other FP
properties involves generating “libraries” (which may range in
size from dozens to > 107 variants) using error-prone PCR or
site-directed mutagenesis based on structural, spectroscopic
and bioinformatics guidance (Figure 2). These libraries are
then typically expressed in a host, such as bacteria, yeast, or
mammalian cells that allows for screening and selection of
clones with desired characteristicssuch as higher brightness.
For example, fluorescence activated cell sorting (FACS) and
fluorescence imaging are popular tools for selecting on cellular
brightness. The mutation and selection cycles are repeated to
achieve “directed evolution” in terms of the selection
pressure.29 After several rounds, a small number of selected
clones are expressed, and the purified FPs are individually
characterized to determine values of molecular properties such
as the fluorescence quantum yield and peak molar extinction
coefficient. This approach has yielded substantially improved
FPs such as EGFP30 (1.7-fold brighter than progenitor avGFP)
and the mRubys31 (mRuby3; 1.7-fold brighter than the
naturally occurring progenitor eqFP511), of which the best
have peak molar extinction coefficients and fluorescence
quantum yields comparable to those of small-molecule dyes.
For example, mNeonGreen32 has fluorescence quantum yield
∼ 80% and a ϵmax at ∼116 000 M−1cm−1 (brightness of ∼93)
with a peak absorption wavelength comparable to the recently
developed, xanthene-based Janelia Fluor (JF) dye JF-503,
which has a fluorescence quantum yield ∼ 87% and an ϵmax ∼
95 000 M−1cm−1 (brightness ∼ 83).33

Despite the historical success of this approach, alternative
strategies for obtaining brighter FPs have been explored,
particularly in recent years as the pace of improvements has
slowed. For example, the choice of template has garnered
increased attention. In most cases, the template is either a
naturally occurring FP or a commonly used FP that has
undergone previous rounds of development. The notable
exception is the brightest RFP as of early 2021, mScarlet,
which was developed from a synthetic gene template.34 Given
this achievement, one might be tempted to think natural
templates have reached their limits. However, Lambert et al.
(2020) reported the discovery of AausFP1, a naturally
occurring GFP from the jellyfish Aequorea victoria, from
which the original GFP was obtained.35 This FP has the
highest ever reported value of fluorescence quantum yield
(97%) and a peak molar extinction coefficient of ∼ 170 000
M−1 cm−1. Although the dimeric structure and the very small
Stokes shift of AausFP1 may limit its use for imaging, these
defects could be addressed, and this discovery suggests that
nature will continue to be a source for brighter fluorophores.
Many FPs have been optimized for specific biochemical

applications (for example, cellular localization or pH
sensitivity) and engineering photophysically improved variants
mandates keeping close attention to their in vivo attributes. For
instance, Campbell and co-workers proposed that GFP-based
fluorophores with the glycine-tyrosine-glycine (G-Y-G) tripep-
tide chromophore might have attained a local maximum of
molecular brightness. Consequently, they focused on improv-
ing properties that can increase cellular brightness, such as
solubility, translation efficiency, protein folding, and chromo-
phore maturation. With this approach, they developed
mGreenLantern, which is 6-fold brighter in mammalian cells
than EGFP. This improvement in cellular brightness came

without an appreciable change in the molecular brightness
from its precursor FP - Clover.36 This study demonstrates that
increasing cellular brightness by generating a fast-maturing FP
with high copy number can be beneficial in some applications,
such as imaging of neurons. However, we found that imaging
of small subcellular structures, such as the Golgi apparatus,
sometimes benefits more from controlled expression of FPs
with high molecular brightness.37 This suggests that improve-
ments of both molecular and cellular brightness should be
pursued in tandem.
The selection step (Figure 2) is of particular interest to

physical chemists because spectroscopic measurements, such
as fluorescence lifetime (τ), can be incorporated on platforms
that allow high-throughput screening of cells, such as
microfluidic or microscopy-based systems.29,34,37,38 Relation-
ships between sequence, structure and any spectroscopically
accessible property can be investigated by this approach on 107

or more variants per day. Fluorescence lifetime-based screen-
ing in particular has proven useful because lifetime is
independent of concentration, and it is correlated with higher
molecular brightness (with caveats, see below). Lifetime-based
selection on a microscopy platform led to the development of
mScarlet from the dim synthetic template mRed7.34 Our lab
has pioneered the integration of microfluidic flow cytometry
with photobleaching, photoswitching, and fluorescence lifetime
selection.39−43 For example, we employed a cell sorter based
on fluorescence lifetime to variants of FusionRed with 3-fold
higher molecular brightness.37

Few efforts have directly aimed to alter the absorption
properties by tuning the oscillator strength of electronic
transitions in FPs, but initial results in this direction are
promising.44,45 In a recent study, Mysǩova ́ and co-workers
determined transition dipole moments of absorption (xTDM)
and emission (mTDM) of several well-studied, bright FPs.46

Their approach combined cryogenic X-ray crystallography with
room-temperature polarized optical transmission and fluo-
rescence measurements to determine the orientation of these
dipole moments. By characterizing the propensity of FPs to
crystallize into specific space groups with certain molecular
orientations, the authors were able to interpret the optical
measurements with two well-defined assumptions. They
assumed the TDM of the chromophore was in plane of the
two aromatic rings and furthermore that there is a cosine-
squared relationship of the TDM with the polarized absorption
or fluorescence intensity. Information from such studies can
inform development of FPs for applications that are sensitive
to the directions of the transition dipoles, such as FRET.
Another study based on considering the transition dipole
moments was reported by Molina et al. (2020) who developed
a high-throughput, fluorescence microscope-based screening
device (GIZMO) for screening bacterial cells by two-photon
excited fluorescence.47 The two-photon absorption cross-
section can be used to examine the radiative rate and electric
fields around the chromophore (the effects of internal electric
fields on FP photophysics is discussed below). GIZMO is
capable of screening 104 bacterial cells in ∼7 h, demonstrating
great potential for this type of selection in the directed
evolution of FPs.
Unconventional selection strategies that do not directly

measure brightness have also been explored to develop
brighter FPs. For example, many FPs exhibit two-state (on/
off) “blinking” of their fluorescence intensities at the single
molecule level. These transitions occur when the chromophore
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has access to nonfluorescent excited electronic states with
microsecond to millisecond lifetimes. This “dark state

conversion” (also sometimes referred to as “reversible
photobleaching”) leads to rapid blinking, and the depopulation

Figure 3. Photophysical data from 89 published FPs were obtained from FPBase.56 along with values for FusionRed-Q, -MQ, and -MV variants
from ref 37. Points in blue indicate FPs with peak emission wavelength λ < 500 nm, green with peak emission wavelength in the range 500 nm < λ
< 530 nm, and red with peak emission wavelength λ > 530 nm. The boxplots indicate the distributions of values: the mean of the distribution is
indicated by black solid squares, the box indicates the 25th and 75th percentiles, and the whiskers indicate the 5th and 95th percentiles of the
distribution. The solid line in the box indicates the median value of the distribution. (a, b) Trends for the fluorescence quantum yield (Φ):
Increases in fluorescence lifetime (τ) generally correlate with a higher fluorescence quantum yield. (c, d) Trends for radiative rate constant (krad):
There is a ∼ 5-fold variation in the radiative rate constantwhere a higher wavelength emission can potentially lead to lower radiative rate values.
The GFP BruSLEE stands out as an exception (krad > 350 us−1). (e, f) Trends for the nonradiative rate constant (knonrad): The nonradiative rates
decrease up to ∼ 50-fold with increasing lifetime. The observed values indicate the means and the standard deviations of knonrad Blue ∼ 137 ± 112
μs−1; knonrad Green ∼ 130 ± 158 μs−1; knonrad Red ∼ 346 ± 345 μs−1. (g) Trends for the peak extinction coefficient: Red emitting FPs tend to exhibit
larger peak extinction coefficients than green and blue counterparts due to chromophore extension by the acylimine moiety.
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of the ground state can result in an apparent reduction in
brightness. This connection between blinking, dark-state
conversion, and brightness has been exploited. In particular,
FLINC (fluorescence fluctuation increase by contact)an
imaging technique with 3-fold higher resolution than the
diffraction limit, is based on the observation that the blinking
frequency of TagRFP-T varies ∼ 25% as a function of the
length of a linker peptide altering its spatial proximity to the
nonfluorescent Dronpa FP.48 Charged residues on the β-barrel
participate in electrostatic interactions that control the dark
state conversion rates. Consequently, libraries were developed
by targeting positions with externally facing side chains (acidic
D159, D196 and basic R157, R198) and selections on reduced
rate of dark-state conversion through FLINC were successful
for developing SuperTag-RFP, which is 2-fold brighter than
TagRFP-T.49

The properties of new variants must be characterized
carefully to avoid potential misapplications, e.g., in imaging
modalities for which the photophysical properties are
unsuitable. For example, population transfer to dark states
can be a bottleneck for continuous excitation, especially at high
irradiances. Dark states typically are related to chromophore
conformational changes or intersystem crossing to the triplet
state, and lead to trapping on time scales several orders of
magnitude longer than an excitation−emission cycle.50,51 For
detailed discussions of this topic, we refer readers to reviews on
dark state conversion and related phototransformations such as
photoswitching.16,52 On a practical note, dark state conversion,
which is distinct from saturation of the optical transition in a 2-
level system, can lead to inaccuracies in measurements of
fluorescence quantum yield, as shown by Ruhlandt and co-
workers for photoswitching FPs.53 Partially in response to this
complication, Prangsma and co-workers developed methods to
accurately determine the fluorescence quantum yield by tuning
the local photon density of states near a metal surface.13

Looking beyond the influences on brightness, investigations of
dark-state conversion and engineering of fluorescence blinking
are valuable for probe development in super-resolution
microscopy. It remains challenging to measure the rates of
dark-state conversion, ground-state recovery, and photo-
bleaching which, depending on the FP, may vary by many
orders of magnitude (and may overlap in time scales) over the
wide range of irradiances relevant to imaging, even for variants
with closely related sequences.54,55

2.2. The Photophysical Basis of Increased Brightness.
2.2.a. General Principles. The improved molecular brightness
of many newer FPs is attributable to increases in fluorescence
quantum yield (Φ) and fluorescence lifetime (τ). (Figure 3a)
Consider the relationship between the fluorescence quantum
yield and the radiative (krad) and nonradiative (knonrad) rate
constants:

krad τΦ = × (1)

k
k k( )

rad

rad nonrad
Φ =

+ (2)

In principle, a particular value of fluorescence lifetime can
arise from different combinations of values of krad and knonrad.
We extracted lifetime and quantum yield data from the online
repository FPBase56 to estimate radiative and nonradiative
rates. We assumed the reported lifetime values from FPBase
can be used to estimate the radiative and nonradiative rates,
despite the use of multiple measurement techniques, with FPs

in different environments (in vitro vs. in vivo), and the use of
average values to represent what is typically a multiexponential
decay. The analysis reveals only a 5-fold variation in the values
of the radiative rate constant but a 50-fold variation in the
values of the nonradiative rate constant (Figure 3c vs Figure
3e). A similar observation for a small set of RFPs was made by
Drobizhev et al.57 Furthermore, a correlation of higher
fluorescence quantum yields with longer fluorescence lifetime
is clear, though the relationship is not perfectly linear. While a
higher fluorescence quantum yield most often seems to be due
to a lower nonradiative rate constant, increasing the radiative
rate constant also increases fluorescence quantum yield, as
seen for BrUSLEE (evident as out-lying points in Figure 3a
and Figure 3c).58 This EGFP variant exhibits a short
fluorescence lifetime of 0.8 ns but a relatively high fluorescence
quantum yield (30%), with a 1.6-fold increase in the radiative
rate constant. Mamontova et al., achieved this by reducing the
fluorescence lifetime of EGFP while maintaining its brightness.
They isolated a triple mutant EGFP T65G-Y145M-F165Y,
with spectral properties similar to EGFP, but with a 20% lower
brightness and a 70% shorter fluorescence lifetime (cf. 2.6 ns
for EGFP). Although this result shows that radiative rate
engineering is possible, molecular strategies to guide the design
have not been reported. In this context, we briefly consider
well-known models for radiative and nonradiative transitions.

The Radiative Rate Constant (krad). The experimentally
observable parameters underlying the magnitude of radiative
rate can be seen in the Strickler−Berg relationship

k c
1

8 2.303 d(ln )rad
rad

f
2 3 1 ∫τ

π η υ ν= = × ⟨ ⟩ ϵ− −

(3)

which shows that the radiative rate is linearly proportional to
the squared value of the refractive index of the medium
containing the chromophore (η), the strength of the optical
transition to the excited electronic state (∫ ϵ d(ln ν); where ϵ is
the extinction coefficient integrated over the absorption band),
the inverse of the mean inverse-cubed emission frequency
(⟨υf

−3⟩−1), and c denotes the speed of light.59 For
chromophores with relatively narrow fluorescence spectra,
the cube of the peak fluorescence frequency is νpeak

3 ∼
⟨υf

−3⟩−1.57 The Strickler−Berg equation shows that strong
absorbers have higher radiative rates than weakly absorbing
chromophores. As a secondary effect, there is a linear
dependence of radiative rate on the cube of the fluorescence
frequency.60 A long wavelength emitter will radiate slower than
a shorter wavelength emitter with the same integrated
absorption cross-section embedded in a medium of the same
refractive index. Although this dependence does not represent
a direct relationship to the Stokes shift, it does indicate that
blue shifting the peak emission can increase the radiative rate.
Equation 3 is qualitatively in agreement with Figure 3d. The
extension of the electronic conjugation through the acylimine
moiety is likely to be the largest factor in making red FPs
stronger absorbers. However, Figure 3g shows that many green
FPs absorb as strongly as red FPs. The increased extinction
coefficient of the red chromophore can be partially offset by
the lower frequency emission to decrease the radiative rates.
Lin et al. found good agreement with the Strickler−Berg

equation for a set of GFP variants involving residues directly
interacting with or forming the chromophore.61 These FPs
showed a nearly constant radiative rate and an inverse
relationship of the peak molar extinction coefficient with the
width of the absorption band. The first observation is

The Journal of Physical Chemistry B pubs.acs.org/JPCB Perspective

https://doi.org/10.1021/acs.jpcb.1c05629
J. Phys. Chem. B 2022, 126, 735−750

739



consistent with the trend seen in parts c and e of Figure 3,
where the variation in radiative rates is much smaller compared
to the variation in nonradiative rates. Accordingly, they suggest
that large changes in the fluorescence quantum yields of FPs
are unlikely to be the result of variations in krad. However, the
example of BrUSLEE shows that tuning the radiative rate by
protein engineering is possible.58 EGFP and BrUSLEE have
nearly identical absorption and emission spectra and peak
wavelengths, and the increased molar extinction coefficient
(ϵmax) and radiative rate constant of BrUSLEE follow what is
expected from the Strickler−Berg relationship: a ∼1.5-fold
higher value of ϵmax results in a ∼1.6-fold increase of the
radiative rate.
A final point that should be made about the Strickler−Berg

equation is that it might be inaccurate to assume the refractive
indices of FPs hardly vary. We used eq 3 and the spectral data
from FPbase to calculate values of η for blue (Cerulean), green
(EGFP), and red (mScarlet) FPs, all three of which show
nearly monoexponential fluorescence lifetime decays in
aqueous environments.56 The refractive indices show the
expected trend of increasing value with decreasing wavelength,
but the increase is considerably larger than expected (ηmScarlet ∼
1.21; ηEGFP ∼ 1.25; ηCerulean ∼ 1.49). The refractive index of
water only varies by 2% over this wavelength range.62 The
sensitivity of FP fluorescence lifetime to refractive index has
been explored as a sensing technique in cellular environ-
ments.63 These observations may provide a route for design of
FPs with increased radiative rate by exploring a connection
with the polarizability of the amino acids comprising the β-
barrel.
The Nonradiative Rate Constant (knonrad). In the absence

of photochemistry, excited-state nonradiative population loss
follows two major routes, internal conversion (IC), and
intersystem crossing (ISC). The factors influencing the
probability of the transition W12 can be described by Fermi’s
Golden Rule (eq 4).

W
M2

12
12

2

2
π

ρ=
| |
ℏ (4)

For IC between the initial (1) and the final (2) vibronic
states of the two electronic manifolds, M12 is the matrix-
element for the electronic interaction that couples them, and
ρ2 is the density of vibrational states of the final configuration.
This expression also applies to the rate of ISC to a triplet state.
In highly fluorescent FP chromophores the ISC rate is much
smaller than IC due to a change in the spin multiplicity.16

Investigations of ISC and triplet states in FPs merit further
attention as such states can play a pivotal role in oxidative
photochemistry and photobleaching.64

While eq 4 accounts for the physics of the nonradiative
transition rate, it does not provide useful insight for FP
engineering. Reports on new fluorophores mention a depend-
ence of the nonradiative transition rate on the S1−S0 transition
energy (i.e., the “energy-gap law”) which results from further
theoretical development.65−67 The classic theory of Englman
and Jortner provides a framework for understanding non-
radiative transition rates in terms of experimental observables
such as the electronic energy gap (ΔE), the Stokes shift (from
vibrational reorganization) and vibrational frequencies.68 Their
theory makes assumptions very similar to those of Marcus
theory of electron transfer,69 namely that population transfer
between weakly coupled initial and final states occurs by means

of environmental fluctuations. This approach considers the
high and low temperature limits of strong and weak coupling
between the chromophore vibrations and electronic tran-
sitions. The low temperature limit, ℏ⟨ω⟩ ≳ kBT is defined in
terms of the mean vibrational frequency N j j

1ω ω⟨ ⟩ = ∑− ,

where N is the number of modes and ωj is the frequency of
each mode. In the low temperature - strong coupling regime,

the coupling strengthG 1EM∼ >
ωℏ⟨ ⟩ . Here, EM ∼ Stokes shift/2

in the absence of excited state processes such as excited state
proton transfer (ESPT). In the low-temperature/strong
coupling limit, the expression for the nonradiative rate
resembles that derived by Marcus for the electron transfer rate:

W
C
E k T

E E
E k T

1 2
exp

( )
4M

M

M

2

B

2

B

i
k
jjjjj

y
{
zzzzz

π=
ℏ *

−
Δ −

* * (5)

T* is the effective vibrational temperature T* ∼ ℏ⟨ω⟩/kB, C
(∼102−104 cm−1) represents the Herzberg−Teller coupling of
the vibronic transition, and the other variables were previously
defined. With experimental Stokes shifts from below 300 cm−1

to above 3000 cm−1 and energy gaps from below 15000 cm−1

to 22500 cm−1, FPs can theoretically fall into either weak or
strong coupling cases or in between them. For the weak
coupling limit (G < 1) suited to most FPs, the observed Stokes
shift is severalfold smaller than electronic transition energy
(ΔE). In this case, one arrives at the following expression for
the nonradiative rate:

W
C

E
E1 2

exp
M M

2 i
k
jjjjj

y
{
zzzzz

π
ω

γ
ω

=
ℏ ℏ Δ

− Δ
ℏ (6)

Here, ωM is the frequency of the normal mode vibration with
the maximum frequency in the chromophore, the parameter

( )log E
dem

γ ∼ Δ − 1; where d is the degeneracy and em is a

measure of the reorganization energy of this vibrational mode
in the excited state. While more applicable to FPs, the weak-
coupling form is less intuitive in its relation to experimental
observables. Further theoretical work is necessary to address
the both and possible intermediate regimes of this formalism in
the context of FP engineering. Both strong and weak-coupling
regimes indicate that the nonradiative transfer probability (W)
is dependent on the Stokes shift (from vibrational reorganiza-
tion), vibrational frequencies that couple to the electronic
transition and the transition energy gap. To illustrate the
effects of these parameters on the nonradiative rate, we plot the
trends expected from the weak coupling expression in Figure 4,
which shows that decreasing energy gap and increased
reorganization energy lead to an increased nonradiative
decay rate (W).
The Englman−Jortner approach can qualitatively explain the

difference in average nonradiative rate for GFPs relative to
RFPs. The lower energy emission of the latter is due to their
larger chromophores. RFPs contain an acylimine moiety over
which the electronic conjugation is extended compared to
GFPs (Figure 1, parts b and c). The larger number of
vibrational degrees of freedom and smaller electronic energy
gap of RFPs could possibly lead to a higher density of states.
One can thus predict RFPs to have lower fluorescence
quantum yields than GFPs, in-part due to the expected higher
values of the nonradiative rate constant. However, an
outstanding exception to this trend is mScarlet, which has a
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smaller nonradiative rate constant than many bright blue-
shifted counterparts such as EGFP (knonrad mScarlet ∼ 77 μs−1 vs
knonrad EGFP ∼ 113 μs−1),56 despite a significantly lower ΔE (by
∼3000 cm−1) and near identical values of EM (∼375 cm−1).
This RFP was designed with a focus on conformationally
restricting the chromophore, which could have resulted in a
lower density of accessible vibrational states in the ground
electronic state.34 The causes of this exceptional behavior merit
further investigation. Further theoretical and experimental
studies are warranted to examine the extent to which energy-
gap effects are the main contributor to nonradiative relaxation
especially in red and far-red emitting chromophores.57

Spectral Features. In the descriptions of Strickler−Berg and
Englman−Jortner models for the rates of radiative and
nonradiative transitions, we pointed out where correlations
with steady-state spectral properties are to be expected. For
example, small Stokes shifts and blue-shifted emission peaks
are correlated with high radiative rates and low nonradiative
rates. The Stokes shift reflects the reorganization energy for
solvation of the excited electronic state (half of the Stokes shift
= EM, as in eqs 5 and 6) but this is correct only in the absence
of excited state photochemistry such as excited state proton
transfer (ESPT) which occurs in the “large Stokes shift (LSS)”
FPs. In addition to absorption and emission peak values,
photophysical properties are correlated with absorption
lineshapes and line widths. Chromophore spectral lineshapes
are sensitive to the underlying femtosecond to nanosecond
time scale protein and solvent dynamics and protein
conformational heterogeneity. Ultrafast spectroscopy experi-
ments such as time-resolved fluorescence Stokes shift measure-
ments and photon echo techniques resolve the time scales of
nuclear motions.70,71 An understanding of the interplay
between protein structure and dynamics would provide useful
insight for FP engineering efforts.72 To date, most ultrafast
spectroscopy of FPs has focused on investigating excited-state
photoreactions such as chromophore isomerization, ESPT, and
hydrogen-bond dynamics (see below). We now turn to a
consideration of structural features and mechanisms for excited
state depopulation, such as hydrogen bonding and electrostatic
effects.15,57

2.2.b. Discussion of Specific Cases. Structural Arguments.
Often, the rationale for mutations to improve brightness is
centered on trying to make the chromophore more “planar”

and the FP more “rigid.” It is expected from molecular orbital
arguments that a planar or flatter chromophore would result in
stronger π→ π*electronic transitions and thus a larger value of
extinction coefficient due to improved electronic delocalization
through the methine bridge.73 The second rationale is difficult
to examine critically due to the complexity of quantifying
“rigidity.” Furthermore, the existence of a conical intersection
in the excited-state potential energy surface of FPs, linked to
the twisting of the methine bonds between the two rings
complicates the straightforward picture of planarity and
rigidity.74 Although they are not certain to capture the average
chromophore conformation or excited state distortions, X-ray
crystal structures show a correlation between chromophore
planarity and brightness.16 The structures of mCherry and
mStrawberry revealed that the decreased fluorescence quantum
yield of these FPs are correlated with nonplanarity of these
chromophores compared to the parent DsRed and sibling
mOrange.75 The X-ray crystal structure of mScarlet (PDB
ID:5LK4) shows a dihedral angle of ∼1.9° between the
methine bridge and phenol ring (or the P-bond rotation),
which is significantly smaller than the ∼13.1° for the dimmer
RFP mCherry (PDB ID:2H5Q).34 The flatter chromophore
has a ∼1.5-fold higher ϵmax, ∼3-fold higher fluorescence
quantum yield, ∼2.5-fold higher radiative rate constant, and
∼7-fold lower nonradiative rate constant. Along these lines,
mutagenesis to introduce residues that improve the packing
around the chromophore have often been used to generate
brighter variants. This strategy was employed in the develop-
ment of mTurquoise2, where a fluorescence quantum yield of
93% (the highest of all engineered FPs) was achieved by
introducing an I146F substitution in mTurquoise (fluores-
cence quantum yield ∼ 84%).76 This residue was identified as a
target for mutagenesis by a combination of fluorescence
lifetime screening, X-ray crystallography, and classical MD
simulations, which suggested that a bulkier, nonpolar residue
might restrict the conformational freedom of the chromo-
phore, resulting in a higher fluorescence quantum yield.
Inspiration for molecular design has been provided by

spectroscopic and theoretical studies of specific interactions
and excited-state processes in relation to hydrogen bonding
and proton transfer - particularly in GFP model chromo-
phores.77−79 While a majority of these studies have been based
on a combination of vibronic spectroscopy, computational
methods, X-ray crystal structure analysis and bioinfor-
matics,80−83 NMR and electron paramagnetic resonance
spectroscopy have also proven useful (and perhaps underutil-
ized) for providing further insight into FP structure and
conformational dynamics.84−86 For example, high-resolution
2D 1H−15N solution-based NMR backbone relaxation study
revealed a light-induced conformational change in the
photoswitchable protein rsFolder.87 The use of kinetic
crystallography for revealing the structural transitions asso-
ciated with long-lived dark states has also been fruitful.88 This
promising approach combines real-time crystallization of FP
molecules with optical measurements such as Raman spec-
troscopy. The work of Bourgeois and co-workers has provided
insights into the mechanisms behind phototransformations in
photoswitchable FPs like mEos4B.89 A structural perspective
can be helpful for identifying specific interactions that might
govern brightness.16−19

Influence of Local Hydrogen-Bonding Networks. Though
hydrogen bonding has a variety of impacts on the photophysics
of various types of FP chromophores, we will limit our

Figure 4. Expected trends from the weak-coupling low temperature
limit of Englman−Jortner theory (eq 6): The superexponential
increase of the nonradiative rate (W) for smaller energy gaps (ΔE)
and larger reorganization energies (dem). The values ωM ∼ 3000 cm−1

and C2 ∼ 107 cm−2 were fixed, as discussed in ref 68
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considerations to RFPs, and in particular the role of hydrogen
bonding with regard to the acylimine moiety. In RFPs, the
introduction of a single hydrogen-bonding interaction with the
acylimine moiety was proposed for red-shifting the emission.
However, the major outcome of this new motif is the
introduction of picosecond time scale conformational changes
which influence the brightness and the Stokes shift of emission.
These processes have been investigated both with experiments
and QM/MM simulations.15,78,90−92 In mPlum, which has a
large 1540 cm−1 (60 nm) Stokes shift, Boxer and co-workers
observed a picosecond time scale red shift of the emission
spectrum, which they explained as a dynamic Stokes shift
associated with reorganization of the E16 hydrogen bond.93

We used time-resolved fluorescence experiments to reveal the
two-state interconversion between the direct and water-
mediated hydrogen-bonding interactions of the acylimine
with the E16 residue (Figure 5a).78 QM/MM simulations
confirmed the connection between the structural dynamics and
the Stokes shift obtained from the experiments.92 What
remains uncertain is exactly the connection between the
large Stokes shift and the small fluorescence quantum yield of
mPlum (10%).
The availability of multiple hydrogen bonding possibilities in

the acylimine region appears to be a detriment to brightness.
For example, TagRFP-675 (Figure 5b) was engineered from
mKate to red shift the emission by introducing hydrogen
bonding to the acylimine carbonyl, but these modifications
resulted in a decrease in the fluorescence quantum yield (33%
to 8%).94 Our time-resolved emission measurements revealed
the presence of four emitting species of varying red shifts,
which independently decay to the ground-state. Classical MD
simulations also revealed multiple interconverting structures of

this hydrogen-bonding network, but it was not possible to
assign the spectral forms to individual structures.15 Interest-
ingly, acylimine hydrogen bonding does not always lead to FPs
with low fluorescence quantum yield. In developing the bright
FusionRed mutant FR-MQV,37 we hypothesized that the
M42Q mutation would be beneficial by occupying a cavity
near the acylimine and thus locking it into a favorable
geometry. This interaction increased the molecular brightness
of the FP by 2-fold in comparison to FusionRed. It may be
productive to focus attention on these issues using quantum
and classical molecular simulations to examine models in
which specific interactions with the chromophore is predicted
to stabilize a single long-lived structure.

Electric Fields and Electrostatic Effects. Theoretical and
experimental studies have examined the influence of electric
fields and electrostatics on radiative and nonradiative
rates.45−47,61,81,95,97 For example, TD-DFT calculations on
the isolated GFP chromophore (Figure 6) predict that electric
fields can change the oscillator strength of an electronic
transition and therefore the radiative rate constant.96,97 Park
and Rhee performed nonadiabatic molecular dynamics
simulations on the GFP chromophore and found that
electrostatic effects can outweigh steric factors impeding the
twisting of the methine bridge between the phenoxy and
imidazolinone rings, suppressing a major pathway for non-
radiative relaxation.73 Drobizhev and co-workers investigated
these issues by measuring two-photon absorption cross
sections of RFPs.57 This cross-section is sensitive to the
change in permanent dipole moment upon electronic
excitation, which in part is controlled by the electric field on
the chromophore.57 They proposed that brighter fluorophores
could be produced by fine-tuning the strength and

Figure 5. Excited-state spectral and structural dynamics in RFPs studied using ultrafast spectroscopy. (a) mPlum: Two-state interconversion of
direct and water-mediated hydrogen-bonding states.78,90,92 (b) TagRFP-675: The side chains of residues F62-Q42-Q107-S28-R41 constitute a
hydrogen-bonding network leading to four spectral forms (with populations given as percentages) and widely varying excited-state τ.15
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directionality of the field, especially along the axis from the
center of the imidazolinone ring to the phenolate ring. Electric
fields along this axis are expected to change the amount of
single bond vs double-bond character in the methine bridge,
and therefore tune the rate of nonradiative decay associated
with chromophore twisting followed by passage through a
conical intersection to the ground state. Since this motion is
accompanied by charge transfer across the methine bridge, the
rate can be described by Marcus electron transfer theory.69

It is clearly a drastic oversimplification to characterize the
electrostatic environment around the chromophore by specify-
ing the electric field along different directions. In their tour de
force 2019 publication,61 Lin et al. circumvented this issue by
treating the GFP absorption band as an intervalence charge
transfer band between two resonance structures corresponding
to the negative charge residing either on the phenolate oxygen
or the carbonyl oxygen of the imidazolinone ring. The
energetics of this charge transfer is described by Marcus−
Hush theory.98 The ground and excited state potential energy
surfaces were described by coupling the diabatic electronic
states for the two resonance forms through a bond-length
alternation (BLA) coordinate. They demonstrate the electron-
donating or electron withdrawing nature of the side chains at
positions 203 and 96 (located at either end of the
chromophore) controls the driving force for the charge
transfer. This model quantitatively explains trends in
absorption maxima, Stokes shifts, molar extinction coefficients,
lineshapes, and other properties. For example, eliminating the
Thr203 hydrogen bond with the phenolate oxygen reduces the
driving force, leading to a decreased transition dipole moment,
red-shifted absorption, a decreased Stokes shift, and a smaller
vibronic sideband. The effect on the spectral line shape is due
to the relative intensity of 0−0 and 0−1 vibronic peaks of the
1340 cm−1 BLA mode, and occurs in addition to
inhomogeneous broadening due to sensitivity of the electronic
transition energy to an electric field. The theory can be applied
to other chromoproteins such as photoactive yellow protein
but it assumes the chromophore undergoes small geometry
changes upon excitation and does not consider mutations that
modify the electronic conjugation, so it does not explain the
behavior of FPs such as BrUSLEE, where radiative rates are
significantly modified by mutations. The model, however,

provides a significant physical insight for FP design, and it
would be very useful to develop a similar approach which
reduces the dimensionality of protein electrostatic effects to an
energetic coordinate, for modeling other classes of FPs. With
this, we move on to a discussion of FP photostability.

3. PHOTOSTABILITY
3.1. Photobleaching Measurements and Mecha-

nisms. Irreversible photodamage or photobleaching is a
hurdle to all applications. Despite the protection offered to
the chromophore by encapsulation within the β-barrel, FPs
generally photobleach faster than many small molecule
fluorophores. This photoreactivity is possibly due to the
diversity of chromophore interactions with the surrounding
amino acid side chains and with freely diffusing species such as
O2, which provide opportunities for photo-oxidation and
electron-transfer reactions.99 Identifying the mechanisms and/
or structures of the photobleached products has been a major
challenge in FP development, most likely because several
mechanisms are simultaneously at play and multiple products
are formed. As a result, simple physical models have been of
limited utility in guiding molecular design for higher
photostability.
Photostability is influenced by the photophysics of the

fluorophore and by the properties of the excitation source. A
wide range of continuous wave (cw) or pulsed lasers, LEDs,
and arc-lamps have been used for imaging and spectroscopic
studies. Furthermore, in an attempt to investigate photo-
bleaching under conditions corresponding to various imaging
techniques, measurements have been performed with irradi-
ances spanning several orders of magnitude, from μW/cm2 to
kW/cm2.100 Often, the decay of fluorescence intensity vs time
is found to be nonexponential. As a result, the bleaching half-
life is typically reported as a function of excitation irradiance.
However, this half-life, or the corresponding average photo-
bleaching rate, is highly dependent on the particular irradiation
conditions such as the photon flux, excitation wavelength, peak
intensity, and pulse duty cycle.54,55 Furthermore, biochemical
factors such as the buffer conditions for in vitro measurements,
the host organism, and cellular localization (e.g., cytoplasmic,
nuclear, or membrane-associated construct) are also important
considerations. FPBase provides a note of caution for
researchers interested in using posted values for comparing
the photostability of different fluorophores.56 The lack of
standards for measuring and reporting photostability compli-
cates decisions on which FP to select for a particular
application and thus choices are often made on anecdotal
evidence.
To address inconsistencies in reporting of photobleaching

and other parameters, Cranfill et al. systematically measured
the photobleaching and other properties of more than 40
FPs.100 A major revelation from their measurements is that the
relationship between excitation intensity and photobleaching
rates is typically supra-linear; i.e., the average photobleaching
rate kbleach ∝ Iα where α > 1 and is nearly quadratic for some
FPs. For example, they found that mCherry emission decays
with a half-life of 318 s when bleached with a 590 nm
scanning-laser illumination at 80 μW excitation power vs 88 s
when bleached with a 594 nm widefield LED source at 200 μW
excitation power. Although this study represents a major step
forward in characterizing FPs so that data-driven choices in
experimental design can be made, the authors did not aim for a
mechanistic understanding of photostability.

Figure 6. Graphical summary of results from a TD-DFT study
performed by Kang et al.,97 which demonstrates that the oscillator
strength and the absorption maxima for the GFP chromophore can be
modulated with changes in the electric field.
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The lack of consistency in measuring and reporting
photobleaching has posed challenges to creating models that
connect photostability with other photophysical properties. To
advance this field, we recommend that quantum yield of
photobleaching (ΦPB) be adopted as the gold standard for
reporting and comparing FP photostability. Since, as discussed
above, the power dependence of FP photobleaching may be
nonlinear, and the value of α might vary in different
illumination regimes, ΦPB should be reported as a function
of irradiance, similar to what is done for the 2-photon
upconversion yields of lanthanide nanomaterials.101 This
measure relies on normalizing the bleaching rates with
excitation rates, which is determined by multiplying the
irradiance on the sample with the absorption cross section at
the excitation wavelength (eq 7).
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Here, NA is Avogadro’s constant, h is the Planck’s constant, c is
the speed of light, I is the irradiance (power per unit area), λ is
the wavelength of excitation, ϵλ is the extinction coefficient at
λ, and t bleaching1/2 is the half-life obtained from the bleaching
decay profile. Zak et al. followed this approach in considering
the potential use of molecular fluorophores for luminescent
convertors in LEDs.102 According to their calculation, one of
the most photostable dyes for laser spectroscopy, tetrame-
thylrhodamine, has a ΦPB of 3.3 × 10−7. Photostability data
from FPBase suggest that the most stable FPs have ΦPB of ∼
10−4 when analyzed with this approach.56 Given that photon
output before photobleaching limits the imaging duration and
quality in many experiments, this 1000-fold difference in
photostability between dyes and FPs indicates there is likely far
more to be gained by improvements in photostability than in
brightness.
The fluorescence profile is often found to decay on multiple

time scales. The fastest time constant is typically associated
with “reversible photobleaching,” the same process which we
already referred to as “dark state conversion,” whereas the
slower decay usually is due to permanent photobleaching. The
relationship between the photobleaching rate constant and the
half-life value is exact in the absence of dark-state conversion,
and the photobleaching decay can be fit with a single-
exponential. This relationship also applies in cases where the
photobleaching is exponential and much slower than dark state
conversion (e.g. EGFP and mScarlet). However, many FPs do
exhibit long-lived dark states, and photoactivation or photo-
switching processes compete with the first order kinetics of
permanent photobleaching. Moreover, chromophores can
permanently bleach from dark states.103 Analogous dynamics
are observed in azobenzene dyes, which like many FPs
participate in a trans−cis isomerization under irradiation.104

For azobenzenes, the dark cis conformer also bleaches without
emitting, leading to nonlinearity of the photobleaching. We
and others have reported methods for decoupling these
processes from permanent photobleaching, and extracting the
corresponding rate constants using other experiments such as
fluorescence recovery measurements.54,55,105

The brightest FPs often suffer from the highest photo-
bleaching rates, in part because the photobleaching quantum

yield is inversely proportional to the excited-state lifetime. For
example, in the development of FR-MQV, as we selected for
progressively longer fluorescence lifetime clones, we observed a
trend toward shorter photobleaching half-life under excitation
normalized widefield conditions (∼5 W/cm2). FR-MQV has
∼4-fold lower photostability than the parent FusionRed
despite a 1.6-fold longer fluorescence lifetime.37 Another
example is mScarlet, which is 5-fold brighter than its variant
mScarlet-H but has a 3-fold longer lifetime and a ∼2-fold lower
photostability (under 6.9 W/cm2 widefield excitation and 1.35
W/cm2 spinning-disk confocal excitation).34 However, it is
interesting to note that the drop in photostability does not
scale exactly linearly with the increase in fluorescence lifetime
for these two cases: it can be larger or smaller than expected.
This observation suggests that different mechanisms of
photobleaching may be at play within the two RFP families.
More generally, examining the cases which deviate from the
expected linear scaling within a closely related series of FPs
might provide some insight into the structural features
associated with photobleaching.
Turning to molecular mechanisms, computational and

experimental studies suggest that photodamage is associated
with the availability of molecular oxygen and diffusion of water
molecules inside the β-barrel.99,106,107 Excited electronic states
have higher reduction potentials than the ground state and are
therefore more susceptible to reacting with species such as 1O2,
which has been shown to be a major participant in
photobleaching in certain cases.99,106 Mechanistic investiga-
tions of phototoxic FPs that have found applications in
chromophore-assisted light inactivation (CALI), have provided
important insights into photobleaching.108 In these systems,
photobleaching seems to be directed into one overall reaction.
To understand this process, Grigorenko and co-workers
employed QM/MM simulations to investigate the reactivity
of the FP KillerRed. Their analysis revealed that a model
excited-state FP chromophore can react with O2 through
several possible charge transfer intermediates. By sampling
many reaction pathways, their analysis identified a low
activation barrier pathway (∼13 kcal/mol) in which the
hydroxyphenyl moiety is oxidized to a benzoquinone species
that can diffuse out of the β-barrel. This result is consistent
with electron density maps from an X-ray crystal structure of
photobleached KillerRed.108 Sen et al. recently performed
QM/MM simulations to explore the role of T65/S65, the first
chromophore-forming residue in EGFP and EYFP, respec-
tively. For EGFP, a T65G substitution reduced the
fluorescence lifetime but increased photostability, with a
reduction of the characteristic green-to-red oxidative photo-
conversion, or “redding” behavior commonly observed for
EGFP.109 This phenomenon is observed when the GFP
chromophore is oxidized to red-shifted absorption and
emission species by high irradiance illumination. The transfer
of fluorescing populations to such species has been linked to
faster photobleaching.110,111 We refer the reader to the work of
Acharya et. al for a detailed explanation of this phenomenon.16

Dark states can also contribute to photobleaching. The
lifetimes of triplet states, for example, are orders of magnitude
longer than the S1 state and can, in fact, catalyze the formation
of 1O2, which greatly speeds up photochemistry promoting
chromophore destruction.54,64 Therefore, reagents like oxygen
scavengers and triplet-state quenchers are promising tools for
slowing the rate of photobleaching, as they create apoxia in the
system or depopulate nonfluorescent triplet states.112 Another
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complication is that cases have been observed where the effect
of dark states on photobleaching depends on the illumination
conditions. For example, we found that the RFP mCherry was
more photostable under pulsed illumination than under cw
illumination, particularly at high irradiances (25 kW/cm2),
suggesting that mCherry’s dark state is photoreactive, whereas
for the variant TagRFP R67K S158T, we found that the dark
state is more photoprotective than photoreactive.54

3.2. Development of Photostable FPs. Despite these
challenges, several studies have advanced fluorophore photo-
stability. For example, single-cell phenotypic observation and
tagging with light (SPOTlight), a cell sorting technique, led to
the most stable yellow FP (YFP) observed to date, mGold.113

In this case, eight libraries, each of 8000 variants were
produced by targeted mutagenesis of 21 positions in the YFP
mVenus (six near the chromophore) and expressed in yeast.
SPOTlight then photobleached cells at an irradiance of ∼ 2
W/cm2 and selected photostable variants from up to 700 000
cells in multiple rounds of selection. Similarly, high-throughput
screening for photostable FPs using a Lego-based robot led the
development of another YFP, Citrine2, which is ∼2-fold more
stable (in widefield and laser bleaching assays) than its
precursor, mCitrine.114 In this case, directed evolution of error-
prone mutagenesis libraries was used with photostability
selection with a 300 W white light xenon lamp source that
had an effective white light irradiance of ∼ 3.5 W/cm2. This
study identified eight mutations that improved the photo-
stability of Citrine2 in comparison to mCitrine but also led to
unfavorable consequences such as dimerization and a drop in
fluorescence lifetime from 3.6 to 3.3 ns. Surprisingly, these
changes also led to a 5% increase in the radiative rate and 25%
increase of the nonradiative rate.114 These examples provide
proof-of-principle demonstrations that screening large num-
bers of variants with new technologies can generate more
photostable variants, but much more work remains to be done
beyond the demonstration phase.
Our efforts to improve the photostability of mCherry using

microfluidic technology led to the development of Kriek,
which is 4-fold more photostable in confocal fluorescence
microscopy.107 This variant was selected from a 144 000-
member library designed with guidance from MD simulations.
The simulations identified a region of the β-7/10 strand
interface that showed ns-time scale fluctuations inconsistent
with a rigid barrel structure, and we identified additional
positions adjacent to this region which appeared tolerant to
mutations. Selection was performed to minimize the amplitude
of fluorescence signal lost after excitation from four sequential
excitation beams (to mimic pulsed excitation in flow) under
irradiance of ∼ 2 kW/cm2. We later found that high irradiance-
pulsed excitation tends to populate dark states in mCherry and
TagRFP variants. Since the microfluidic-based selection of
Kriek was carried out with a similar excitation scheme, we also
found that Kreik had lower rate constants for dark state
conversion.54 Previously, we demonstrated that the progenitor
mCherry has a photoreactive dark state. Therefore, a reduction
in the rate of dark state conversion may have resulted in an
additional boost to the photostability of Kreik. Unfortunately,
we observe a significant drop in the fluorescence quantum
yield of Kriek (8%) with respect to the precursor mCherry
(22%) with this strategy. The lesson here is that MD
simulations can provide useful insight for library design, but
that screening only on photobleaching is likely to produce
variants with compromised brightness.

Other site-directed mutagenesis studies have been fruitful, as
evident in the development of SiriusGFPwhich is 2-fold
more stable than its precursor EGFP and was found to be well
suited for imaging at high irradiance (∼kW/cm2) and long
time-lapse imaging assays.115 In this case, site-directed
mutagenesis was guided by considering photochemical
reactions of the model GFP chromophore. They found that
S147R and S205V mutations in EGFP greatly enhanced the
photostability under high irradiance laser-based imaging.115,116

As with other efforts to improve photostability, SiriusGFP
suffers from reduced brightness in comparison to EGFP due to
an ∼ 3-fold reduction in its fluorescence quantum yield. When
Ren et al. (2016) introduced a cysteine group near the
chromophore of the RFP mKate2, it resulted in the 12-fold
improved variant, “mStable.” The photostability of mStable
was attributed to the sulfoxidation of a cysteine residue facing
the p-hydroxyphenyl moiety of the chromophore. Similar
substitutions in mPlum resulted in a 23-fold stable variant.117

The development of mGold from mVenus and Citrine2 from
mCitrine, demonstrates that photostability can be improved
without significant compromises in molecular brightness. This
outcome suggests that it is possible to evolve existing bright
FPs into more photostable variants, and vice versa, perhaps by
screening libraries simultaneously on photostability and
fluorescence lifetime.
Inspiration for FP design and applications may draw from

effective techniques that minimize photobleaching in molec-
ular fluorophores, such as utilizing triplet state quenchers and
using systems that induce anoxia.118 In addition, a promising
strategy was recently reported where deuteration of small
molecule dyes such as tetramethylrhodamine and JaneliaFluor
(JF) dyes substantially improved photostability without
causing detrimental changes to the electronic or photophysical
properties.119 For these types of dye molecules, alkylamine
oxidation produces a distinctive secondary isotope effect,
where deuteration of hydrogen atoms may reduce a twisted-
intermolecular charge transfer process, as is commonly
observed for many FPs and in xanthene based JF dyes.
Deuteration additionally increases the strength of the C−D
bond and also affects the 1O2 oxidation rate, which manifests in
higher (∼1.2 fold) photostability. In addition to these
molecular strategies, methods that involve the light source,
such as control of photon statistics, pulse shaping, or excitation
with squeezed light may also be promising tools for imaging
FPs for longer periods of time by increasing the measurement
precision attainable for a particular photon dose, even if these
techniques do not directly reveal the chemistry behind
photobleaching.120

4. CONCLUSIONS
A few themes emerge when we consider the evolution of this
field over the past 30 years. Initially, FP development relied on
relatively straightforward structure-guided design and chemical
intuition with screening on cellular brightness. As the
productivity of this approach has started to decline, new
variants have been introduced by relying on more advanced
screening methods, with narrowly focused photophysical and
biochemical goals. Our knowledge of FP structure and the
diversity of their photophysics has dramatically expanded;
however, at the same time, the pace of new FP development
has slowed, e.g. of the more than 1500 FPs collected in FPbase,
270 were reported in the peak years of 2009−2010, decreasing
to about half that number in subsequent two-year periods since
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then. Is this slow-down due to the limits of our technology or
of our insight? We think mostly the latter. How will the field
continue to advance? Technology for faster, more precise
screening of large libraries can partially make up for our
knowledge gaps. Screening of RNA aptamer or protein libraries
several orders of magnitude larger than those in FP
development have frequently been used to successfully evolve
high-affinity, specific ligand binding when physical insight is
not applied to the library designs.121,122 Nevertheless, screen-
ing on complex functions such as photophysical properties will
require more physical insight applied to the molecular design,
and we feel that a renaissance of FP development might follow
from investments in new experimental and theoretical
approaches.
Experimental studies combining selections that go beyond

“skimming the crem̀e off the top” of libraries and simply
keeping and studying the best clones could lead to unexpected
insights. If the screening is performed such that the evolution
of the properties and the structures within the libraries are
monitored on a large scale, then bioinformatics and machine-
learning techniques could be used to obtain more information
about why some selections work and why some selections do
not produce improvements.123 Computational methods such
as classical molecular dynamics and hybrid quantum-molecular
mechanics would be valuable for creating models that advance
our understanding of FP conformational dynamics and
photoreactions such as photobleaching. These efforts should
be accompanied by refinement of classical physical chemistry
theories of, e.g., internal conversion so that it can be
understood when we are facing issues particular to a small
class of chromophores vs hitting fundamental physical limits.
These investigations could help us develop protein design
strategies that bridge structural measures such chromophore
planarity and rigidity, with photophysical parameters such as
fluorescence lifetime or dark-state conversion rates. Clearly,
physical chemists could make fundamental contributions to the
development of new fluorescent proteins or utilize the progress
in this field to explore new avenues in chemistry.124 Progress
on these topics may have impacts on areas beyond bioimaging,
such as solar-energy conversion materials, biohybrid LED
lighting, and biophotonics such as display technologies.
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