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ABSTRACT: The approximately linear scaling of fluorescence

quantum yield (¢p) with fluorescence lifetime (7) in fluorescent TeLs OFLs Estokess AEqo
proteins (FPs) has inspired engineering of brighter fluorophores
based on screening for increased lifetimes. Several recently
developed FPs such as mTurquoise2, mScarlet, and FusionRed-
MQV which have become useful for live cell imaging are products of <8 4 faa;
lifetime selection strategies. However, the underlying photophysical ) 5 1652, ks 20932 EFGRIA 32530 EIE
basis of the improved brightness has not been scrutinized. In this 4 A TS EA R
study, we focused on understanding the outcome of lifetime-based
directed evolution of mCherry, which is a popular red-FP (RFP). We
identified four positions (W143, 1161, Q163, and 1197) near the FP
chromophore that can be mutated to create mCherry-XL (eXtended
Lifetime: ¢ = 0.70; 7 = 3.9 ns). The 3-fold higher quantum yield of
mCherry-XL is on par with that of the brightest RFP to date, mScarlet. We examined selected variants within the evolution trajectory
and found a near-linear scaling of lifetime with quantum yield and consistent blue-shifts of the absorption and emission spectra. We
find that the improvement in brightness is primarily due to a decrease in the nonradiative decay of the excited state. In addition, our
analysis revealed the decrease in nonradiative rate is not limited to the blue-shift of the energy gap and changes in the excited state
reorganization energy. Our findings suggest that nonradiative mechanisms beyond the scope of energy-gap models such the
Englman—Jortner model are suppressed in this lifetime evolution trajectory.

mCherry-XL

)"EM7 knon-rad

B INTRODUCTION In the GFP superfamily, the chromophore is formed when a
tripeptide of the internal a-helix embedded in an 11-stranded
P-barrel undergoes rearrangement, cyclization, dehydration,
' This process results in a z-conjugated
structure of p-hydroxybenzylidine and imidazolinone rings
bridged through a methine carbon. In RFPs, the chromophore
conjugation is further extended by a N-acylimine moiety that
leads to a red-shift of the absorption and emission spectra. ">
A combination of electrostatic and steric interactions from

Fluorescence lifetime-based selections on fluorescent protein
(FP) libraries, performed on cell-screening platforms such as A

. and oxidation.”
microscopes or flow cytometers, have been key to the
development of the brightest genetically encoded fluoro-
phores.'~ For example, brighter variants of the red FP (RFP)
FusionRed have been generated with microfluidic cell-

sorting.”> The brightest RFP and cyan-FP (CFP) to date,

mScarlet (¢ = 0.70; 7 = 3.9 ns) and mTurquoise2 (¢ = 0.93; 7 surrounding amino acids tune the ground (S,) and the excited
= 4.0 ns), respectively, were also developed using lifetime (S,) state potential energy surfaces of the chromophore, thus
selections on imaging platforms.”” Although these lifetime influencing the pathways of excited state depopulation.”>™'® As
selections have been unquestionably successful in generating a result, the unique chromophore environment within each FP
brighter FPs for imaging applications, the intermediates along determines its fluorescence lifetime. Each functional (i.e.,
the evolutionary trajectory generated by these efforts have

generally been set aside in favor of focusing on the final Received: March 21, 2022

product of molecular evolution. Although it is widely Revised:  May 19, 2022

acknowledged that lifetime and other photophysical properties Published: June 16, 2022

such as photobleaching or spectral changes frequently

coevolve, a mechanistic investigation of their interdependence
8
has rarely been pursued.
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properly folded and chromophore-matured) FP generated by
an engineering effort provides an opportunity to examine a
point within the evolutionary trajectory of fluorescence lifetime
and other photophysical properties. These properties may be
correlated with a particular pathway across the mutational
landscape.’” The global photophysical assessment of an
evolutionary trajectory therefore contains vital information
that can inform strategies for FP evolution. This is particularly
relevant for developing a new FP tailored to a specific
application modality whether it is fluorescence lifetime imaging
(FLIM), Forster resonance energy transfer (FRET), or
multicolor widefield imaging.*’

Many theoretical and spectroscopic studies provide an
emerging framework for understanding the factors influencing
molecular brightness of FPs."*~'® However, understanding the
reasons for interdependence of photophysical properties is a
major challenge. Observables such as fluorescence lifetime that
directly report on excited state depopulation time scales are
sometimes found to be correlated with other photophysical
properties that are less directly related to these dynamics. For
instance, in an attempt to find a bright, far-red emitting FP,
Canty et al. generated and sorted mutant libraries in bacteria
by gene shuffling mScarlet, which has a long fluorescence
lifetime, with mCardinal, which has far-red emission (659 nm).
Though the investigators did not meet their original goal, their
analysis revealed that fluorescence lifetime and peak emission
wavelength are inversely correlated.”’ We employed high-
throughput microfluidic screening on mOrange2, TagRFP-T,
and mCherry and found a similar inverse correlation of
fluorescence lifetime and emission wavelength.1 Moreover, an
inverse correlation of fluorescence lifetime and photostability
under constant irradiation also suggested that an increase in
fluorescence lifetime leads to molecules bleaching faster, likely
due to the higher reductive potential of the S, state. This study
also showed that the correlation changed with increasing
irradiance, suggesting that mechanisms other than photo-
degradation from the S, state may be at play. An inverse
correlation of the fluorescence lifetime and photostability was
also reported in our previous study of FusionRed variants.’
Further investigations are necessary for gleaning mechanistic
insights from these observations.

Spectroscopic, computational, and crystallographic evidence
suggests that chromophore planarity and protein rigidity are
the primary characteristics of bright FPs.”””** Other
investigators have considered more subtle physical factors
that influence brightness."*™"” Using physical models such as
the Marcus—Hush theory, these studies focused on quantifying
and understanding the role of the driving force in charge
transfer between the two resonance forms of the GFP
chromophore in the ground and excited electronic states."
This driving force is vulnerable to electrostatic control from
the environment, which regulates access to nonradiative
pathways of excited state depopulation, and therefore directly
influences brightness. Analogous studies of the RFP
chromophore have not yet been reported. Park and Rhee
utilized hybrid QM-MM approaches to demonstrate the
influence of electrostatic effects on controlling the nonradiative
rate of GFP."> Their analysis revealed that electric fields
control access to photoisomerization channels which dictate
ultrafast nonradiative decay.'’ For RFPs, Drobizhev and co-
workers demonstrated that the electric field pointing from the
oxygen atom on the imidazolinone ring to the oxygen atom on
the phenol ring in the chromophore controls access to twisted-
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intramolecular charge-transfer (TICT) states which promote
ultrafast nonradiative relaxation.'* In summary, the control of
nonradiative decay pathways is a major bottleneck in
“brightening” FPs.

Despite its poor brightness, mCherry is a popular RFP for
cellular sensing and imaging because of its widespread
availability in a plethora of fusion constructs.”>*® This
monomeric RFP traces its lineage from the naturally occurring
tetramer DsRed.”” The consequent engineering strategies on
DsRed resulted in a FP with high expression and fast
chromophore maturation, low phototoxicity, and a favorable
red-shift of absorption and emission spectra. However,
mCherry is much dimmer than its progenitor, primarily due
to a 3-fold drop in fluorescence quantum vyield. Previous
attempts to develop brighter and red-shifted versions of
mCherry have been unable to restore its fluorescence quantum
yield to that of DsRed.””***** In this study, we present a
monomeric variant denoted mCherry-XL (eXtended Lifetime:
W143S, 1161V, Q163Y, and 1197R) which is 3-fold brighter
than mCherry and matches the molecular brightness of DsRed.
We provide insight into the evolution from mCherry (¢ =
0.22; 7 = 1.6 ns) to mCherry-XL (¢ = 0.70; 7 = 3.9 ns). We
analyzed functional RFPs with the longest lifetimes at two
intermediate steps in the evolution trajectory to assess
coevolution of other photophysical properties such as
absorption and emission wavelengths. As expected, we observe
a near-linear response of increasing quantum yield with
lifetime, along with blue-shifts in the absorption and emission
maxima. Although the analysis of radiative rates reveals small
but significant changes, it is primarily the 6.5-fold reduction in
the nonradiative rate that leads to the major increase in
fluorescence lifetime. Furthermore, our analysis reveals the
reductions in nonradiative rate are not entirely due to the
changes in the excited state reorganization energy or blue-
shifting of the absorption and emission profiles. Our lifetime
evolution trajectory agrees with the mechanistic proposals of
Drobizhev et al. and Lin et al.,, who emphasize electrostatic and
steric control of the chromophore, to minimize nonradiative
processes beyond the scope of energy-gap-type models.'*">

B METHODS AND MATERIALS

Mutagenesis, Cell Growth, and Sorting. Supporting
Information (SI) sections 1—3 describe our protocols for cell
growth, sample preparation, and sorting. Yeast cells (Saccha-
romyces cerevisiae BY4741) transformed with the pYestDestS2
vector containing FPs were used for lifetime-based screening
with a microfluidic sorting system developed in our
laboratory."**

Protein purification, In Vitro Measurements. Protocols
for in vitro measurements have been published earlier.’ In
short, DNA of selected FP variants from yeast were cloned into
the bacterial p-Bad-His vector and protein was extracted using
Ni-NTA-based column chromatography. Steady state data for
spectra, quantum vyield, and extinction coefficient measure-
ments were collected using a Cary 5000 UV-—vis near-IR
spectrophotometer in the double beam mode for absorption
and a HORIBA Jobin Yvon Fluorolog-3 FL3-222 instrument
for fluorescence and excitation spectra. Fluorescence lifetime
and anisotropy decay measurements were collected using a
commercial time-correlated single photon counting (TCSPC)
system (Fluoro-time 100, PicoQuant) with a 560 nm pulsed
laser diode head excitation source and a repetition rate of S
MH?z using a spectral filter centered at 600 nm (60 nm fwhm).
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Figure 1. Directed evolution of mCherry resulted in variants with blue-shifts and increased lifetime. (a) Lifetime evolution trajectory from mCherry
(7, = 1.6 ns) to mCherry-XL (7,, = 3.9 ns), with intermediate clones (shown in filled circles) selected for photophysical analysis (barring the
exception of SLT-11). SD and EP mutagenesis refer to site-directed and error-prone mutagenesis, respectively. (b) Lifetime histograms of mCherry
libraries at the different stages of evolution. The lifetime histograms characterize libraries expressed in yeast cells screened on a microfluidic
platform developed in our laboratory."”** The numbers of cells screened in each panel were 52 382, 24 998, and 25 617 for C-X, C12-X and EP-
C12-X library, respectively. (c and d) Absorption and fluorescence lifetime decays of the variants. The arrow in (c) indicates a blue-shift in the

absorption of the variants compared to their precursor mCherry.

The methods used in this measurement have been discussed in
ref S, and the details of the fit and the instrument response
function have been provided in SI section 5.° Samples were
diluted using 1X Tris-HCI buffer (pH ~ 7.4), and measure-
ments were carried out at optical densities (ODs) between
0.05 and 0.25 to ensure measurements fall within the linear
regime of the instrument response.

B RESULTS

A 2.5-fold Increase in Lifetime Is Achieved Using
Directed Evolution Strategies on mCherry. We utilized
lifetime-based microfluidic cell sorting to direct the evolution
of mCherry in S. cerevisiae (Figure 1) to longer lifetime. First,
we created mutagenesis libraries targeting residue numbers 16,
17,70, 99, and 197 (numbered with respect to mCherry PDB:
2HSQ). The rationale and specifics for these targets are
included in the supplemental data (SI section S2). The variant
C12 (mCherry 1197R) was identified from the first round of
selection. Next, a site-directed library on variant C12 targeting
positions 143, 161, and 163 (C12-X library) resulted in clones
with lifetime ranging from 1 to 4 ns (Figure 1b). A portion of
this library was grown on plates, and 20 bright variants were
selected on lifetime. One of these variants, C12-3 (mCherry
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W143], 1161C, Q163L and I197R), was selected for further
investigation. The C12-X library was then subjected to error-
prone mutagenesis followed by another round of lifetime
sorting with the sorting gate placed at 3.7 ns (Figure 1b).
Selection of variants after this round of lifetime enrichment
identified the mutant “SLT-11" (“Selected LifeTime-11" or
mCherry N98S, R12SH, FI29L, QI37L, W143S, I161V,
Q163Y, and 1197R) with 7 = 3.9 ns. Unfortunately, the SLT-
11 variant had poor protein yield in bacteria compared to yeast
cells. Therefore, mutations distant from the chromophore (>15
A) were reverted to those of mCherry (S98N, HI25R/K,
L129F, and L137Q) to boost bacterial expression without
compromising the long lifetime of SLT-11 (Figure S3). This
process led to the generation of the quadruple mutant
“mCherry-XL” (mCherry W143S, 1161V, Q163Y, 1197R),
which was further characterized. Details of library generation
and protocols for mutagenesis have been provided in the SI
(sections 1 and 2). The four FPs (mCherry, C12, C12-3, and
mCherry-XL) were characterized in vitro and in cellulo (SI
sections 4 and §). It was found that mCherry-XL has a 3-fold
higher molecular brightness and is 1.5-fold brighter in HeLa
cells compared to its progenitor mCherry (SI Figure S5).

https://doi.org/10.1021/acs.jpcb.2c01956
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Table 1. Spectral and Photophysical Properties of the mCherry Variants”

Asbs E.e Aem E.n Stokes shift
variant (nm) (em™) (nm) (em™) (em™)
mCherry 587 17 036 609 16 420 615
C12 572 17 483 608 16 446 103S
CI12-3 571 17 513 599 16 694 819
mCherry-XL 558 17921 589 16978 943

molecular brightness

¢ (%) lifetime (ns) &y (M™! cm™) (e may) pK,
22 (ref)  1.65 + 007 76000 = 7000 100 45
24 + 1 2.0S + 0.05 69 000 + 3400 29 5.8
40 + 1 3.15 £ 0.0 59000 + 4000 141 4.7
70 £ 2 3.86 + 0.05 72 000 + 4000 301 4.8

“Error bars indicate standard deviations from triplicate measurements. Details of the experimental methods have been presented in SI section S.

Table 2. Fit Parameters for Fluorescence Lifetime Measurements (Decay Traces and Fits in SI section 5c) along with Amino
Acids at the Four Positions Comprising the Sequence Variation (Full Sequences in SI section 3)

variant 7, (ns) a, (%) 7, (ns) a, (%) 7, (ns) a;y (%) 7,, (ns) 143 161 163 197
mCherry 17 83 1.0 17 1.6 w I Q I
CI12 2.6 64 1.1 29 0.3 7 2.0 w I Q R
C12-3 34 93 1.1 7 32 I C L R
mCherry-XL 39 97 1.1 3 39 S v Y R

Table 3. Calculated Rate Constants of Excited-State Population Decay
ko (us™) ko (ps™")
variant AEy (em™)  Agg (em™)  Agy (em™) k, (us™) ko (us™h) spectral moment  Stokes shift  spectral moment  Stokes shift
mCherry 16728 308 812 132 + § 467 + 6 76 17 391 450
Cl12 16965 518 987 116 + 6 367 + 6 180 233 187 134
C12-3 17104 409 878 127 + 4 190 + 4 58 S1 132 139
mCherry-XL 17450 472 924 179 + 6 76 + 6 76 76 0 0

Improved Brightness Is Primarily Achieved by
Suppressing the Rate of Nonradiative Relaxation. We
performed in vitro photophysical measurements on mCherry,
C12, C12-3, and mCherry-XL (Table 1). Fluorescence lifetime
decays were fit to the appropriate exponential decay functions
(SI Figure S10). Except for C12, a shift from a multi-
exponential to monoexponential decay is observed in this
series, where the amplitude and the time constant of the major
decay component both increase. The time scale of the shorter
component (~1 ns) is approximately the same for all four
variants (Table 2). Fluorescence anisotropy measurements on
these FPs revealed rotational diffusion constants similar to
those of monomeric proteins like mCherry, indicating that the
mutations did not lead to dimerization or higher order
oligomerization (SI Figure S9).

The fluorescence quantum yields of these FPs show a clear
correlation with the average fluorescence lifetime (SI Figure
S12a), though the trend is not perfectly linear.”® The 2-fold
decrease in the halflife of photobleaching with a 2.5-fold
increase in fluorescence lifetime also follows expected trends,
agreeing with observations of higher photobleaching for FPs
with longer fluorescence lifetimes (SI Figures S6 and §7).>%
Additionally, a linear fit (Radi2 = 0.95) of the lifetime and
quantum yield resulted in a slope of 150 + 14 us™'. Based on
the relation,

o=k 1
this slope corresponds to the rate constant of radiative decay or
k.. One can also calculate the individual rate constants for k,
and nonradiative rate (k,) for these FPs using eq 2. These
values are presented in Table 3.

k

I

¢=(&+k@

()
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Although the 1.3-fold variation in the values of k, seems minor,
the values lie outside the range predicted by the linear fit (SI
Figure S12b). The value of k, can be explained by the
Strickler—Berg equation, which relates radiative rate to the
peak extinction coefficient and peak fluorescence frequency.”*
The small variation in k, is further corroborated by the
observation that the peak extinction coeflicient for this series
only varies 15% from an average value of &,.ay, ~ 70000
M™'em™. This variation is modest compared to a 1.5-fold
increase of &, observed for FusionRed variants reported in
our previous study.” However, the variation in k, can also be
attributed to the use of an average lifetime value to represent
the multiexponential fluorescence decay kinetics. The multiple
time scales may reflect the presence of multiple chromophore
conformations with differing absorption cross sections. This is
bolstered further by the poor linear fit between the cubed value
of the emission frequency and the estimated k,. This frequency
dependence of the radiative rate, predicted by the Strickler—
Berg equation, is expected to yield a linear relationship for
chromophores with relatively narrow fluorescence spectra (SI
Figure S12¢).**%*" Most significantly, we found the value of k,,
undergoes the largest change (a 6.5-fold decrease) across this
series. A consistent blue-shift in the absorption and emission
peak wavelengths with higher brightness, correlated with this
decrease in k,, led us to investigate models that could explain
this observation.

Lifetime Evolution Suppresses Nonradiative Mecha-
nisms beyond the Constraints of an Energy Gap. We
first considered an Arrhenius-type dependence of the non-
radiative rate constant with the transition energy, as one might
expect from an “energy-gap law” (SI Figure S$13).*"***
Accordingly, we assumed a single absorbing and emitting
species, a lack of excited state photochemistry, and adherence
to the mirror image rule of excitation and emission spectra.
Under these assumptions, we estimate the 0—0 transition

https://doi.org/10.1021/acs.jpcb.2c01956
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Figure 2. Nonradiative rate of the mCherry mutants obtained from the excited state lifetime and fluorescence quantum yield plotted as a function
of fluorescence lifetime. (a) Nonradiative rate calculated with the low-temperature/weak-coupling limit of the Englman—Jortner formalism (k"7

eq 3)33—35

kmnonE-j

compared to the total nonradiative rate (k, %, eqs 1 and 2). (b) Difference between k,,'°* and k, ™7 of the variants, denotated as

total

shown in comparison to the k, %, The data in blue circles (with standard deviations) indicate the experimental values of the k%,

whereas the data in gold and red indicate predicted values from the En_;lman—_]ortner relationship using the reorganization energies from the
Stokes shift (Ags) and the spectral moment methods (gy;) respectively.®

energy gap (AEy,) for each FP from the intersection point of
the absorbance and the fluorescence spectra (SI Figure S14).
However, it is found that the change in nonradiative rate with
AEy, is not a perfect fit for the expected exponential
dependence. Additionally, we noted the Stokes shift of
mCherry (616 cm™) is smaller compared to FPs with the
I197R substitution (800—1050 cm™'). This observation
encouraged us to examine models that consider the role of
the excited state reorganization energy in addition to the
energy gap. Englman and Jortner’s treatment of nonradiative
rate in terms of the electronic energy gap (AE), the excited
state reorganization energy and vibrational frequencies
provides a broader foundation for understanding nonradiative
transition rates than the energy-gap law.”** Their theory
assumes that the electronic transition (S; to S, relaxation) is
coupled to the molecular vibrations and the environmental
fluctuations of the bath. The highest-frequency vibrational
mode in the excited electronic state serves as the primary path
for nonradiative relaxation based on its coupling strength. The
various limiting cases of the theory apply to strong and weak
coupling in high and low temperature limits.”*~** The strong
coupling limit is applicable to systems with a large
reorganization energy. In the weak coupling limit, where the
role of the energy gap is dominant, the model considers a
parameter y that quantifies the role of the excited state
reorganization.

The sum of mode-specific reorganization energies of the
chromophore and bath nuclear motions is the reorganization
energy (4), which is typically assumed to be half of the
experimentally measured Stokes shift (Ags: Stokes shift).*
However, this approximation is accurate only for systems with
Gaussian absorption and fluorescence spectra. FPs in this study
also exhibit a visible 0—1 vibronic sideband along with the
primary 0—0 transition, and therefore deviate strongly from
Gaussian line shapes (Figure 1c). Thus, we utilized a model
provided by Jordanides et al. to estimate an upper limit for the
reor_ganization energy from the spectra (Details in SI section
7).>” The only assumption in this model is that the dielectric
medium follows linear response. In this approach, the
reorganization energy (Agy: spectral moment) is calculated
from the normalized difference of the first moment between
the absorption and fluorescence spectra around the transition
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energy. The values of Agy for mCherry and mCherry-XL are
812 and 924 cm™}, respectively, which are substantially larger
than the corresponding values of 308 and 472 cm™ estimated
from half the value of Stokes shift.

We employed these values of the reorganization energy in
the Englman—Jortner low temperature/weak coupling case, as
appropriate for FPs where the 0—0 peak dominates the
absorption spectrum.g"%_‘?’5

1 CW2x {
— Xp —
(3)

e
n \JhwoyAE

where k is the rate constant of nonradiative relaxation; @, is

the frequency of the normal mode vibration of the highest

frequency in the excited state of the chromophore, the

yAE

haw,,

parameter y ~ log( dATE> — 1, where d is the degeneracy and e,

is the reorganization energy of the high frequency vibrational
mode in the excited state. We then set AE = AE, de,= 4, and
Wy = Ocp swerh, = 3000 cm™. To estimate the value of
Herzberg—Teller coupling (C?), we assume the nonradiative
relaxation in mCherry-XL is entirely accounted for by the
Englman—Jortner model (Table 3; ko =k FY). These
approximations lead to an estimate for the C* = 1.45 X 10*
cm™? using Agy and C* = 7.19 X 10° cm > using Ags. The
minimal (~10%) variation in the peak frequency and intensity
of the 0—0 and the 0—1 bands in the absorption spectra for
these variants allow us to assume a constant value of C* for the
other members of the series (SI section 7b). Doing so, we find
small variations (of ~2%) for the pre-exponent and y within a
range of 2—3, which falls within the range predicted by
Englman and Jortner for weakly coupled S,—S, transi-
tions.”> > The results of this analysis are presented in Figure
2 and Table 3.

Due to the small variation in the pre-exponential factor, the
exponential dependence of the k. on the values of AEy, and y
dominates the value of the nonradiative rate in this model.****
We observe that k"7 differs significantly from the total
nonradiative rate (k) for mCherry, C12, and C12-3. As a
counter example, if the k, " in mCherry was a consequence
of the energy gap and the reorganization energy (ko =
k,*7), this model would have significantly overestimated the
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k., for the brighter variants of this family. Thus, the net positive
difference between these two values (k,°® — k, FJ = k_ "o"EJ)
suggests mechanisms outside the scope of nonradiative
relaxation from reorganization and the energy gap might be
operational in mCherry and its variants, and this particular
trajectory of lifetime evolution successfully suppresses this
mechanism.

B DISCUSSION

We demonstrated that directed evolution of fluorescence
lifetime in mCherry results in a bright fluorescent protein with
a high quantum yield. The new “mCherry-XL” RFP is ~1.5-
fold brighter than mCherry in mammalian cells, and its lifetime
and quantum yield are on par with those of mScarlet, which is
the brightest RFP to date.® The four mutations identified in
this study are located close to the phenol end of the
chromophore (Figure 3). The rotation of the phenol ring

CRO

w143
' ‘ |19\“ % )

\\
Al
1

358 5A:‘ ‘\\ I ) ol j\
|19L#'\\1 p Q163 R197 = V161
1161
mCherry mCherry-XL

Figure 3. Insights from the crystal structure of mCherry. (a) Structure
of mCherry (PDB ID: 2HS5Q). (b) Spatial occupancies of possible
backbone-independent rotamers for R197 superimposed on 1197 in
the mCherry crystal structure. (c and d) Detailed view of the
chromophore (CRO) and the four positions identified in this study
for (c) mCherry and (d) and in silico generated structure of mCherry-
XL. The dashed lines indicate the distances measured from the
mCherry crystal structure. The in silico structures were generated
using the mutator plugin of the VMD molecular modeling software.*®

about the methine carbon (P-Bond rotation) is considered to
be important for nonradiative decay.'”'* The spatial proximity
of these mutations to the phenol moiety of the chromophore
in mCherry-XL possibly impacts these motions. For example,
substitution 1197R was also seen in mScarlet, and the positively
charged side chain is an electron withdrawing moiety capable
of forming multlple hydrogen bonded contacts at this end of
the chromophore.” The crystal structure of mScarlet (PDB:

SLK4) shows multiple hydrogen-bonded contacts for residue
R197 which results in a small dihedral angle for the P-bond in
comparison to mCherry (2° vs 13°, respectively). Interestingly,
all variants of mCherry after incorporating the I1197R mutation
displayed a higher reorganization energy in comparison to
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mCherry. The C12 variant (mCherry I197R) also exhibited a
triexponential fluorescence lifetime decay. The charged nature
of the side chain at position 197 and the possibility of forming
multiple hydrogen bonds may result in multiple non-
interconverting chromophore conformations as reported for
FPs such as TagRFP-675."% Figure 3b illustrates the possible
spatial occupancies of backbone-independent rotamers for the
Arg side chain in the context of the mCherry crystal structure.
Additionally, the substitution Q163Y might have a similar role
to play in the context of the phenol end of the chromophore.
Q163 is a polar residue, and the crystal structure of mCherry
indicates a weak hydrogen-bond of the amine group of this side
chain (3.3 A) with the phenolic oxygen on the chromophore
(Figure 3b). Substitutions such as replacement of Q163 with
an electron withdrawing and positively charged K residue have
been shown to increase lifetime and quantum yield in
DsRed.”””® In a recent report, the substitution W143S was
independently and computationally recognized in an effort to
develop bright and red-shifted variants of mCherry, which
yielded the bright red-shifted RFP, mSandy2 (4., = 606 nm; ¢
= 0.35).”* The crystal structure of mCherry reveals an
interaction of the indole ring on W143 with the amine
group on the Q163 residue (3.4 A).

The minor but significant variation of the extinction
coeflicients in these variants is correlated with the small
variation of the radiative rates relative to the average value of
radiative rate obtained from a linear fit of the quantum yield vs
lifetime (SI Figure S12). This variation and the observed
multiexponential fits for fluorescence lifetime decays suggests
the possibility of multiple emitting chromophore conforma-
tions. Structural dynamics slower than the excited state lifetime
may lead to conformational diversity of environments that
perturb the electronic structure of the chromophore and its
radiative rate.

The 3.2-fold increase in quantum yield across this evolution
route is dominated by the reduction of the nonradiative rate
which exhibits a 6.5-fold decrease across the series. The
nonradiative rates of the variants are correlated with the blue-
shifts of their absorption peaks. A similar correlation of blue-
shift with increased lifetime was observed by Canty et al., who
were motivated to develop a bright red-shifted FP by gene-
shuffling the sequences of the far-red emitting mCardinal with
the bright red mScarlet.”' They performed selections on the
resulting library based on the brightness of bacterial cultures in
the 620 to 750 nm emission window. The selected variants
displayed a near-linear correlation of the emission wavelength
with the fluorescence lifetime. They proposed an upper limit of
625 nm for the peak emission maximum of variants created by
this method. Furthermore, they concluded that far-red emitting
variants are susceptible to a larger variation in spectral profiles
than brighter, blue-shifted variants. Although these spectral
correlations are intriguing, they did not quantify or investigate
the mechanism of nonradiative decay.

The Englman—Jortner model has recently been invoked in
discussions of fluorophore design. For example, modifications
to this model were used to explam the low brightness of
shortwave infrared fluorophores.” Their low quantum yields
are partially explained by the high nonradiative rates resulting
from high-frequency vibrations coupled to small electronic
energy gaps. In contrast, when Drobizhev and co-workers
plotted the values of the nonradiative rate on the logarithmic
scale against the fluorescence emission frequency for a few
RFPs (namely, mCherry, XRFP, mPlum, DsRed2, eqFP670,
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and mScarlet), they found a poor agreement with the linear fit
expected by Englman and Jortner’s model (SI Figure S13b)."*
This disagreement prompted them to consider population loss
through a conical intersection seam from a TICT state.
Furthermore, they analyzed the strength and direction of the
local electric field from the imidazolinone to the p-
hydroxyphenyl ring using classical two-photon excitation
spectroscopy and recognized that the local electric field
around the FP chromophore controls access to the TICT
states and hence can lead to ultrafast relaxation. Their analysis
revealed a smaller electric field from the imidazolinone to the
phenol ring potentially leads to a higher quantum yield. This
can be achieved by reducing electron density at the phenolic
hydroxy group through hydrogen bonds and electron-with-
drawing contacts or by providing a larger electron density at
the imidazolinone. These design principles corroborate
findings from a hybrid QM-MM study that revealed similar
ultrafast pathways for nonradiative decay in the GFP
chromophore.” They also agree with the findings of Lin et
al, where stabilization of the negative charge on the phenolic
oxygen atom is achieved through hydrogen-bonds between
T203 and the phenolic oxygen, and/or through R96 on the
imidazolinone oxygen for the GFP chromophore. Substitutions
at these positions result in spectral shifts and changes in
brightness.”> These observations agree with our results where
substitution of a positively charged arginine residue at the
phenolic end of the chromophore in C12 variants suppressed
nonradiative pathways, resulted in blue-shifts and an increased
Stokes shift. Incorporation of other amino acid residues with
hydrogen-bond forming side chains, e.g,, serine and tyrosine, in
mCherry-XL resulted in a further decrease in the nonradiative
rate. Our efforts possibly led to the suppression of relaxation
pathways that contribute to the value of k,,"*""J. While studies
by Drobizhev et al. and others provide foundations of these
mechanisms for nonradiative pathways in FPs,"”"> they did not
address the impact of lifetime-based directed evolution on the
pathways of excited state depopulation.

In this study, we employed the Englman—Jortner theory to
model the variation in nonradiative rate for a closely related
RFP series selected through lifetime-based directed evolu-
tion.”*™** We examined whether the reduction in nonradiative
rate can directly be related to the energy gap and the excited
state reorganization energy. We approximated the 0—0
transition energy gap using the intersection point of the
absorption and the emission spectra and the upper-limit of
excited state reorganization energy using a model provided by
Jordanides et al.”” Furthermore, assuming the entire
component of the observed nonradiative rate in mCherry-XL
was from this formalism, we estimate a k=7 value for the other
members of this series. The intriguing outcome of this analysis
revealed almost a 6-fold lower k, 7 than calculated k% for
mCherry. Though less pronounced, this observation held true
for C12 and C12-3, where this model could only estimate half
or less for the values of the calculated nonradiative rate. One
also arrives at similar qualitative outcomes using the traditional
method to estimate reorganization energy using the Stokes
shift and repeating this analysis. In such a case, the k,, *7 is
>20-fold lower than the k,'* for mCherry. This analysis
reveals a large component of nonradiative relaxation is outside
the realm of the energy-gap and is suppressed using lifetime
selections. This result is consistent with the ultrafast non-
radiative decay mechanisms predicted by Drobizhev et al. and
Park et al.">"*
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Moreover, developing highly emissive fluorophores fre-
quently involves engineering the environment around the
chromophore to make it more rigid or more viscous.”” An issue
that arises in connection with this topic is how to probe or
quantify molecular rigidity with spectroscopy (ie. with
parameters beyond the ultimately desired high brightness or
emission yield). One approach which has been suggested is to
regard the Stokes shift as a measure of flexibility.” In principle,
the Stokes shift can be calculated from the first moment of the
spectral density of modes, p(w), coupled to the optical
transition. This p(@) function, which can be quantified with
time-resolved electronic spectroscopies such as photon echo
techniques, represents the vibrational density of states of the
system weighted by the coupling to the electronic transition.
To the extent that frequency changes in the vibrational density
of states reflect changes in flexibility, e.g., a shift toward high
frequencies corresponds to higher rigidity, this change will be
reflected in the Stokes shift. This approach to quantifying the
rigidity of a ligand-binding site was demonstrated using three-
pulse photon echo peak shift measurements on antibody—
antigen complexes, where decreases in flexibility were
correlated with higher affinity binding due to specific
protein—ligand interactions."’

In this view, a decreased Stokes shift can be interpreted to
reflect a reduced flexibility of the environment, if the mutations
do not strongly perturb the chromophore electronic
structure.”’ This idea is central to the weak-coupling case of
the Englman—Jortner theory which predicts a decreased
nonradiative rate with the decrease in reorganization
energy.””** Unfortunately, this straightforward picture of
rigidifying the protein environment around the chromophore
may be complicated by the strong interactions of the
environment that perturb the chromophore electronic
structure. For example, the mutation I197R in mCherry
increases the Stokes shift despite a decrease in nonradiative
rate. In contrast, an evaluation of the electro-optical properties
of the GFP chromophore revealed that blue-shifted absorbers
have larger Stokes shift values. This is in part due to a larger
driving force between the two resonance forms of the
chromophore.'® Another striking counterexample is provided
by AsRed2, which has only an ~5% fluorescence quantum
yield, despite having a very small Stokes shift (~470 cm™") and
absorption and emission peak wavelengths like those of several
bright REPs (A= 572 nm and A, = 592 nm).** Although the
low apparent brightness of this FP might be attributed to an
inaccurate measurement of quantum yield due to the kindling
qualities of its parent asFP595, closer examination of other FPs
with small quantum yields and modest Stokes shifts is
warranted.

It is also interesting that other examples of fluorescence
lifetime evolution do not show the same spectral trends
observed for mCherry-XL. For example, consider the evolution
trajectory in the development of FusionRed-MQV (FR-MQYV).
First, a small but significant (70 cm™") decrease in Stokes shift
resulted from the M42Q mutation in FusionRed.” Sub-
sequently, the FR-Q, FR-MQ, and FR-MQV variants had
similar values of the Stokes shift (~570 cm™) although
consistent decreases in the nonradiative rate (ultimately
resulting in a 60% overall decrease) were observed with
increased lifetime. Another example is provided by mScarlet
and mScarlet-I, which have nearly identical 0—0 transition
energies and nearly the same Stokes shift, yet the latter has a 2-
fold higher nonradiative rate.” Consequently, strategies beyond
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rigidifying the chromophore are necessary for the design of
brighter FPs.**

These considerations suggest that large variations in
absorption and emission wavelengths are possible for anionic
FP chromophores with similar values of lifetime and quantum
yield, because the nonradiative rate does not depend
exclusively on the transition energy gap. This is observed for
the GFP AusFP1, which has a 2.7-fold smaller Stokes shift and
a 1.6-fold higher quantum yield in comparison to the spectrally
similar EGFP, with the same tripeptide responsible for
chromophore formation.”> In the context of RFPs, mScarlet
is red-shifted by 10 nm (or 315 cm™") in maximum absorption
and by 6 nm (or 272 cm™") in maximum emission compared
to mCherry-XL, yet it matches its quantum yield and
fluorescence lifetime values.” The two FPs also exhibit nearly
identical single exponential fluorescence lifetime decays
measured using TCSPC. While the 0—0 transition energy is
red-shifted by 200 cm™, the Stokes shift for mScarlet is 280
cm™! smaller than that of mCherry-XL. This evokes the
possibility of either red shifting mCherry-XL by reducing the
Stokes shift (while maintaining its quantum yield) or
increasing the quantum yield of mScarlet by reducing its red
shift. For example, we estimate (with eq 3) that reducing the
Stokes shift of mCherry-XL from ~900 to ~600 cm™', as
observed for mCherry or mScarlet, can potentially manifest in
a ~7% increase of the fluorescence quantum vyield. It is
encouraging to note that blue-shifting spectra and increasing
the Stokes shift can indeed be used as selection strategies to
brighten fluorophores. These observations suggest the
possibility of designing FPs with higher brightness without
compromising on the red-shifted absorption and emission as
theoretically predicted by the work of Moron et al.'’
Alternatively, perturbing the electronic structure of the
chromophore to specifically tune the k.4 is another possible
mechanism for increasing the fluorescence quantum yield. (eq
1) This strategy was adapted by Mamontova et al. in the
development of the EGFP derivative BrusLEE, which has
spectral properties similar to those of EGFP but has an ~1.6-
fold larger value of k.4 ** To summarize, thorough photo-
physical characterizations of FPs generated through a certain
evolution trajectory can be helpful in identifying multiple
strategies for evolving and improving FPs.”

B CONCLUSIONS

The race to develop bright and red-shifted fluorophores
continues to drive FP engineering to newer technologies and
selection schemes. Lifetime-based evolution is now an
established approach for delivering bright FPs such as
mScarlet, mTurquoise2, and FusionRed-MQYV. In this study,
lifetime evolution provides a bright FP in the form of mCherry-
XL and reveals the consequent coevolution of spectral shifts,
increased quantum yield, subtle changes in the radiative rate
constants, and very different mechanisms of suppressing
nonradiative pathways. Our results strongly support recent
advances by the community to understand the pathways of
nonradiative depopulation of FP chromophores that lie outside
the description of the energy gap. Moreover mCherry, C12,
C12-3, and mCherry-XL have average fluorescence lifetimes of
1.6, 2.0, 3.2, and 3.9 ns, respectively, with minimal green-
absorbing or emitting species (SI Figure S8), which makes
them suitable for multicolor FLIM-based imaging (Figure 4).
Additionally, we do see promise in using mCherry-XL as a
template for future engineering and a probe for imaging. Also,
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Figure 4. Fluorescence quantum yields vs lifetimes for 17 RFPs with
photophysical data available on the online repository FPBase.

it is likely that codon optimization of mCherry-XL will further
improve its performance in mammalian cells, as a significant
amount of data shows that codon use regulates gene expression
and protein structure via translation-dependent and trans-
lation-independent processes.*” The current variant mCherry-
XL with four amino acid substitutions on the mCherry
sequence still offers solutions for constructs and applications
that are limited by the brightness of mCherry. Moreover, a
blue-shifted absorption (~28 nm) for mCherry-XL might
improve performance relative to mCherry for many FRET
related applications where poor spectral overlap is observed
between a green donor and a red acceptor pair. This study also
shows the strength of microfluidics-based lifetime selections to
enrich populations with longer lifetimes, as illustrated by the
discovery of the SLT-11 variant in the EP-C12-X library. To
summarize, the end-product of our selections drove us to a
blue-shifted variant mCherry-XL with a specific evolution
trajectory based on lifetime. In a broad fitness landscape of
mutations, our analysis reveals that there can be other
evolution trajectories (such as the discarded clones with
poor brightness or maturation) with similar end products in
terms of lifetime but with different absorption and emission

profiles.
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