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ABSTRACT

Fluorescent Proteins (FPs) for bioimaging are typically developed by screening mutant libraries for clones
with improved photophysical properties. This approach has resulted in FPs with high brightness, but the
mechanistic origins of the improvements are often unclear. We focused on improving the molecular
brightness in the FusionRed family of FPs with fluorescence lifetime selections on targeted libraries, with
the aim of reducing non-radiative decay rates. Our new variants show fluorescence quantum yields up to
75% and lifetimes >3.5 ns. We present a comprehensive analysis of these new FPs, including trends in
spectral shifts, photophysical data, photostability, and cellular brightness resulting from codon
optimization. We also performed all-atom molecular dynamics simulations to investigate the impact of
sidechain mutations. The trajectories reveal that individual mutations reduce the flexibility of the
chromophore and sidechains, leading to an overall reduction in non-radiative rates.
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Main Text:

Fluorescent proteins (FPs) are commonly utilized as imaging probes and biosensors.!: ? Despite the
numerous advancements in engineering them over the past three decades, many FPs exhibit low brightness
compared to synthetic organic fluorophores.® As a result, there is continued demand for improved variants,
which are generally being developed by combining rational and random mutagenesis with high throughput
screening. #!! Although this directed evolution approach has achieved notable success, it typically relies on
repeated screenings of large mutant libraries and the molecular basis for the outcomes is often unclear, for
example are particular mutations synergistic? These limitations may be overcome by integrating protein
design principles based on quantitative, predictive, and generalizable concepts for protein function. Insights
from crystallographic structures and spectroscopic studies have guided rational design of FP libraries.
However, the most frequently used selection methods such as Fluorescence Activated Cell Sorting (FACS)
or microwell-based plate screening do not provide the detailed spectroscopic information obtained from in-
vitro studies.'” As a result, selection efforts usually focus only on characterizing the final product. This
approach leaves gaps in understanding intermediates from directed evolution of photophysical properties.
Higher information content screening methods, for example, based on fluorescence lifetime selections have
been introduced to address this limitation. These platforms have been employed to generate FPs with state-
of-the-art brightness such as mScarlet, mTurquoise2, and mCherry-XL.!*!> This approach has been
successful because the fluorescence quantum yield for a closely related set of FPs, e.g., within a library,
scales approximately linearly with lifetime, so the improved brightness is primarily due to decreased non-

radiative decay rates. !¢

We recently combined lifetime-based selections with rational mutagenesis to develop brighter FusionRed
(FR) variants, notably FR-MQV (FusionRed L175M, M42Q, C159V; ¢$=0.53; 1=2.8 ns), which is the
brightest FR variant to date.?® FR and its progeny are known for their high fidelity cellular localization and

2123 ytility in live-cell imaging, and gene expression studies.?'?* Furthermore, the fluorescence
25-27

low toxicity,
blinking of FR variants at the single-molecule level has been utilized in super-resolution microscopy.
In the course of developing FR-MQV, we identified the M42Q mutation, which resulted in a significant
increase (by ~27%) in quantum yield and lifetime (by ~20%). The inspiration to site saturate this position
in the sequence stemmed from our ultrafast spectroscopy studies on hydrogen bonding of the acylimine end
of the chromophore in closely-related FPs.?® The L175M mutation in FR-MQV, selected through lifetime
screening of libraries generated from error-prone mutagenesis, increased brightness in mammalian cells
and extended the lifetime (by ~20%).” Finally, the C159V mutation was obtained from lifetime screening
of site-directed libraries targeting positions C159, M161, V196, and H198 based on the proximity of these
residues to the phenol moiety of the RFP chromophore.!* Despite these advances, no FR variants have been
generated with quantum yields or lifetime that compare with mCherry-XL (¢=0.70; t=3.9 ns) or mScarlet
variants (¢ > 0.70; =3.9 ns), thus motivating further research into reducing its non-radiative rate.

Our goal in this study was to explore the mutational landscape of FR, in search of variants with long
fluorescence lifetimes and high quantum yields that rival mCherry-XL and mScarlet variants. We focused
on reducing non-radiative rate using lifetime screening of individual bacterial colonies, sequence-position-
targeted photophysical assessments, and all-atom molecular dynamics (MD) simulations. We surveyed the
prospects for improvement beyond FR-MQV with brightness and lifetime flow cytometry on a FACS-
enriched random mutagenesis library. We then sequentially targeted individual positions to evaluate the
effects of substitutions. MD simulations provided insight into how the substitutions influence
conformational diversity of the chromophore environment. With this approach, and with only a few steps
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on the mutational manifold, we arrive at bright variants with quantum yields from 60% to 75%. A key
finding of our study is that individual mutations leading to brighter FR variants consistently result in
reduced conformational heterogeneity, corroborated by measured values of reduced non-radiative rate
constants.

Mutagenesis: The fluorescence quantum yield of molecules is approximately linearly proportional to the
fluorescence lifetime, which in turn is related to the radiative and non-radiative rate constants governing
the depopulation of the excited state, as described by the following equation:

krad
krad + knon—rad

b= KpgX T =

The radiative rate constant for FR-MQV (K.,q = 191 ps™) is comparable to that of bright FPs such as
mScarlet3 (Kpaq = 186 us™! & Kpon—raq = 72 ps™) and mCherry-XL (Kyaqg = 179 pus! & Kpon—raq = 76 us”
1, but its non-radiative rate constant (Kpop_rag = 169 us! ) was almost two times higher.!*!*> Therefore we
evaluated the potential for the discovery of longer-lifetime FR-MQV variants. First, random mutagenesis
(i.e. error-prone PCR; EPPCR) was used to generate libraries with approximately 2, 4.5, and 16 mutations
per kilobase at the nucleotide level. Libraries expressed in E. coli were enriched by FACS and screened for
diversity in fluorescence lifetime (see Supplementary Information Sla and S2a for detailed methodology).
We consistently observed a wider distribution of fluorescence lifetime around the mean brightness of the
parent FR-MQYV in these libraries. The highest-error rate EPPCR library exhibited a 1.25-fold higher
variation in fluorescence lifetime compared to the lower error-rate libraries (Table S2.1). The diversity of
fluorescence lifetime in these libraries points to the existence of FR-MQV variants with longer lifetimes
(details in Supplementary Information S2a).

Next, we designed site-directed libraries at locations known to impact the FP photophysics but which were
not thoroughly explored in the previous studies (see Figure 1). These small libraries of 20—400 variants
were screened on plates to identify longer-lifetime variants. (Detailed in Supplementary Section S1d)
Consequently, we performed saturation mutagenesis at position L175, which was previously identified as
a position which led to photophysical diversity.” We observed that the L175H substitution resulted in a
1.3-fold increase in fluorescence lifetime and a 1.8-fold increase in quantum yield. We designate this variant
“FR-H.” We also found that amino acids with larger sidechains, such as methionine (M), arginine (R), and
histidine (H), extended the lifetime, whereas those with smaller sidechains, such as serine (S), decreased it
relative to FR (see Supplementary Information S2.2b). Pursuing further mutagenesis at position 42 for the
FR-M and FR-H, the two variants with the longest lifetimes from the L175X library led to the rediscovery
of M42Q) as the substitution with the longest lifetime and highest quantum yield. Interestingly, FR-H M42Q
(denoted “FR-HQ”) had lifetime and quantum yield values exceeding FR-MQV (¢rr-Mov=0.53; Trr-Mov
=2.8 ns v. drr-no=0.60; Trr-ng =3.0 ns). Next, we performed saturation mutagenesis at position C159 on the
two variants with the highest lifetime, FR-HQ and FR-MQ (details in Table S2.3 and S2.4). Lifetime
screening confirmed that FR-HQ and FR-MQYV are the brightest variants in these libraries.
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Table 1. Sequence information of variants of FR relevant to the study

FP 42 71 159 175 218
FR M I C L A
FR-Q Q I c L A
FR-H M I C H A
FR-M M I C M A
FR-MQ Q I C M A
FR-MQV Q I \% M A
FR-MQVV* Q A% A% M A
FR-HQ Q I C H A
FR-HQT Q I C H T
FR-HQV* Q A" C H A
FR-HQTT* Q T C H T
a) b) FR
Knon-rag =427 pis™
L175 Knon-rad = 307 ps! LM L7 Knon-rad = 247 P8
& CRO
c159 R EL g g
A218 = =
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Knon-raa = 126 ps!
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© A218T 171V
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Figure 1. a) Crystal structure of FusionRed (PDB ID: 6U1A) shown in top and side views, highlighting relevant
mutations. The numbering corresponds to the convention employed in our previous study, offset by one compared to
the PDB structure. (b) An evolutionary tree illustrates the sequence of mutations and the decrease in the non-radiative
rate constants along the series.

Our next target for saturation was H198, which is analogous to R197 in mCherry-XL and T203 in GFP
variants. This residue is known to influence the electronic structure of the chromophore, resulting in distinct
photophysical and spectral effects.!>** We performed saturation mutagenesis at H198 in FR, FR-HQ, and
FR-MQYV and confirmed H198 to be a conserved mutation with respect to fluorescence, consistent with our
prior observations.?” Next, we reconsider a pathway for extended fluorescence lifetime discovered in the
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“FR-13” variant (FR: H23Y, V471, F81Y and A218T).” In this case, the A218T mutation (designated as
“FR-T”) resulted in an increase in fluorescence lifetime, and quantum yield compared to FR. Examination
of the crystal structure of FR suggests that A218 can interact with H198 (see Figure S2.5). However, when
we performed saturation mutagenesis at H198 on the FR-A218T variant, we found that H198 was the sole
fluorescent variant in this library. Interestingly, A218 is also situated within hydrogen bonding distances to
residues in the turn-region of the a-helix of FR, most notably 171. Mutations at this position have been
explored in the development of the latest generation of bright FPs, e.g. mScarlet-I1 and mScarlet3.!* Based
on these observations, we performed saturation mutagenesis at positions A218 and 171 on FR-MQV and
FR-HQ to generate a library of 400 variants. Lifetime screening of this library revealed several variants
with lifetimes exceeding 3.5 ns and quantum yields > 65% (Supplementary Table S2.5). Within the FR-H
lineage, including FR-HQ I71V (designated as “FR-HQV*”), FR-HQ A218T (designated as “FR-HQT”),
and FR-HQ A218T I71T (designated as “FR-HQTT*”) and within the lineage of FR-MQV mutants, we
discovered FR-MQV 171V (designated as “FR-MQVV*”), The spectra and lifetime decays of these variants

are provided in Figure 2.
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Figure 2. Steady state absorption (solid lines) and emission (dashed lines) spectra and fluorescence lifetime decays
for a) FR-M lineage of proteins b) FR-H lineage of proteins. The spectra and lifetime traces follow the same color
scheme as indicated in the legends for the lifetime decay traces.

MD simulations: We performed all-atom molecular dynamics simulations, spanning approximately 500

ns,’! to evaluate the influence of single substitutions at positions 175, 42, 159, and 218 in FR. (SI Section
S2b-e). Computational details are provided in Supplementary Information Section Sle. In the case of the
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leucine to methionine substitution at position 175 (FR-M), the MD simulations showed a single sidechain
conformer ~1.5 A closer to the chromophore which supports the notion of a conformationally restricted
environment near the phenol moiety (Figure S2.2b). Similarly, the FR-M42Q substitution (FR-Q) led to a
60% reduction in conformational variability on the acylimine end, as probed by the distance between the
chromophore acylimine oxygen and the sidechain of Q42 (Figure S2.3b).

The trajectories also revealed that the conformational heterogeneity of C159 was influenced by its
interaction with L175. The C159V substitution on FR resulted in reduced conformational heterogeneity and
replicated the effect observed in the single FR L175M substitution, suggesting a significant impact of L175
on the chromophore interaction via C159. (Figure S2.4) The trajectories also suggest that the A218T
mutation on FR introduced a strong hydrogen bond with residue H198 (dpa~2 A), implying that the
conformational flexibility of the group at position 218 is correlated with the dynamics of critical residues
such as H198 through a hydrogen-bonded network. (Figure S2.5) These results provide insights into the
impact of specific amino acid substitutions on the chromophore and sidechain flexibility. The combination
of these effects observed in MD trajectories of single mutants could be additive, resulting in long lifetimes
and higher quantum yields, as observed in mutants such as FusionRed-MQVV*.

Table 2. Photophysical data for the FR variants and other RFPs discussed here. Please refer to Table 1 for

sequences.
Protein Aabs max Aem max T (I) (%) Emax B Krad (HS-I) Knon-rad
(nm) (nm) (ns) M'em™)  (emax*9) (ns™)
FR 574 596 1.78 £ 24+2 94,000 + 100 135 427
0.03 5,500
FR-Q 567 587 2.11+ 34+3 133,500 + 200 161 311
0.03 7,500
FR-M 571 591 2.15+ 34+1 75,000 + 113 158 307
0.01 6,500
FR-MQ 567 586 2.45+ 43 +£2 129,500 + 246 175 237
0.03 5,500
FR-MQV 566 585 2.78 £ 53 (ref) 141,000 £ 330 191 169
0.06 9,500
FR- 565 582 337+ 64 +1 96,000 = 273 196 110
MQVV* 0.01 6,500
FR-H 568 588 2.34 + 42 +£3 120,000 + 223 178 247
0.04 4,000
FR-HQ 565 583 3.17+ 60+1 118,500 + 316 189 126
0.10 10,500
FR-HQT 566 583 3.50+ 68 £2 65,000 + 196 194 91
0.01 15,000
FR- 566 585 336+ 66+3 123,500 + 360 196 101
HQV* 0.05 1,500
FR- 566 583 3.74 + 75+4 65,500 + 218 200 67
HQTT* 0.04 14,000
mCherry 587 609 1.67 £ 22 (Ref) 75,500 = 75 137 488
0.07 5,000
mCherry 558 589 3.86 + 70 +£2 72,000 + 223 179 76
XL 0.05 4,000
mScarlet 569 592 387+ 71+£2 104,000 £ 327 186 72
0.07 4,000
6
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Photophysical characterization: Properties of the relevant FPs are detailed in Table 2, and spectra and
fluorescence lifetime decays are shown in Figure 2 (additional fit details and characterization in
Supplementary Information Section S3). The new FR variants display a linear scaling of fluorescence
quantum yield with lifetime (Figure 3a). The slope indicates average radiative rate changes slightly versus
non-radiative rate during lifetime evolution. Across the 20-75% fluorescence quantum yield range, the FR
family's slope is about 1.25 times greater than mCherry variants, consistent with the higher extinction
coefficients for FR-variants, compared to mCherry variants. Non-radiative rates consistently decrease with
high quantum yield and lifetime, aligning with our mCherry findings and further supported by the works of
Lin et al. and Drobizhev et al. utilizing electronic Stark and two-photon excitation spectroscopy to explore
FP photophysics.** ** Long-lifetime FR variants show minimal shifts (~5 nm) in peak wavelengths and
~10% changes in Stokes shifts (Figure 2). For example, the non-radiative rate constant for FR-HQV* is
almost the half of its precursor FR-HQ, but their absorption and emission spectra are identical. This
observation supports our previous analysis regarding mCherry variants, where the change in the energy gap
does not appear to be the primary driver for reducing non-radiative rates.!> Therefore, spectroscopic
assessments to identify modes on the excited state manifold that can lead to ultrafast nonradiative pathways
can be helpful to ascertain the drop in non-radiative rates.* Interestingly, M42Q near the chromophore's
acylimine end yields significant spectral changes, (Stokes shift change of 75 cm™ relative to FR) consistent
with the findings of Moron et al. on the role of the acylimine dihedral angle in spectral shifts.>* In the
mCherry and mKate protein families, hydrogen-bonding interactions surrounding the acylimine end
contribute to the far-red absorption and emission characteristics seen in FPs such as mPlum, mRojo,
mNeptune, and TagRFP-675, albeit through different mechanisms.?>%

The maximum fluorescence quantum yield of 75% for FR-HQTT* is on par with those of the brightest
RFPs such as mScarlet and mCherry-XL. Interestingly, in the latest generation of the mScarlet family,
mScarlet3, the fluorescence quantum yield was only improved by 5%, with minimal spectral changes,
despite significant advancements in chromophore maturation and cellular brightness.!* This observation
prompts a question about a potential theoretical limit for the MYG chromophore's fluorescence lifetime and
quantum yield for a given absorption and emission spectra. Further exploration is needed to determine the
origins of this apparent limit, whether it can be surpassed or is due to the interplay between chromophore
electronic structure and its interactions with the environment. A Marcus-Hush-like analysis, analogous to

the work of Lin et al., might unveil whether this trend is due to a theoretical “saturation point™.*

Photostability and cellular brightness: This study focused on design of brighter FR variants by tuning
conformational rigidity. However, from an applications perspective it is useful to assess the impact of the
mutations on the properties of these FPs in cells. We measured photostability in bacteria and brightness in
HeLa cells. We analyzed the photobleaching kinetics resulting from 561 nm widefield excitation
normalized conditions at excitation rates of 600 s and 1100 s! (corresponding to ~7.5 and 15 W/cm? for
FR). These FPs exhibit both mono-exponential (FR V159 variants with mCherry-XL and mScarlet) and bi-
exponential (FR C159 variants) decay kinetics, consistent with previous reports on FR variants (Figure
S4.1). 226 Previously, we discovered that the biexponential decay kinetics associated with C159 result
from reversible photobleaching mechanisms.?® Rather than solely relying on the traditional method of
assessing photobleaching, which involves determining the half-life based on the 50% intensity value of
fluorescence decay at a given irradiance, we opted to fit the photobleaching traces to exponentials. In doing
so, we used the resulting half-life values obtained from either the mono-exponential trace or the longer
component of the bi-exponential decay for these traces. (Methodology detailed in Supplementary
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Information S4) This analysis allowed for a quantitative comparative analysis of permanent photobleaching
within the family of FR variants generated in this study.!?

Our analysis indicates that dark state conversion is a photoprotective mechanism for FPs with bi-
exponential bleaching kinetics. FPs with similar or longer lifetimes than FR-MQV but which exhibit bi-
exponential photobleaching kinetics had a lower quantum yield of photobleaching. At higher excitation
rates, FPs such as FR-MQ, FR-HQ, and FR-HQV*, which have biexponential kinetics, show a reduction in
the quantum yield of photobleaching (Figure 3b). This trend suggests that photostability is correlated with
the propensity to convert to photoprotective (i.e., weakly absorbing) intermediate states. Investigations of
the closely related FP TagRFP revealed that the nearly order of magnitude increase in photostability due to
a S158T (equivalent to FR C159) mutation,***!' can be explained with a "circular restoration model" based
on insights from a crystallographic study of TagRFP which revealed the presence of both cis and trans
fluorescent forms. In this model, conversion between protonated (non-fluorescent) and deprotonated
(fluorescent) forms of the chromophore's cis and trans-isomers comprise a photocycle which can “short-
circuit” photobleaching in the S158T mutant, but not in TagRFP.** Recently, QM/MM simulations
confirmed that mutations at C159 can limit chromophore “I-twist” motion in the excited electronic state.*
Accordingly, the C159V mutation in FR may limit the chromophore conformation to a single cis form
facing S144, away from V159, thus blocking access to the “circular restoration” photocycle. This proposal
is consistent with our observation that the C159V mutation impairs reversible photoswitching in FR, where
multi-exponential photobleaching kinetics at low irradiances (~1-10W/cm?) are negligible (e.g., FR-
MQVV*, mCherry, and mScarlet). These FPs may be more suitable for FRET-related applications where
dark state conversion is undesirable. However, this behavior can change significantly at higher excitation
rates which lead to shifts in the mechanisms of dark state conversion. Nevertheless, the significant
observation here is that the creation of FPs with high molecular brightness is achievable without
compromising the reversible photobleaching tendencies of the FP chromophore.
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Figure 3. a) Fluorescence quantum yield (¢rr) versus fluorescence lifetime (trr): The slope of the linear relationship
between fluorescence lifetime and fluorescence quantum yield reflects the average radiative rate constant. The higher
slope (red) for FR mutants compared to mCherry mutants (and mScarlet; in blue) indicates a higher average radiative
rate. b) The quantum yield of photobleaching (¢ps) versus fluorescence lifetime (trr): FPs with dark state conversion
(highlighted in purple) exhibit a reduced quantum yield of photobleaching due to the possible presence of
photoprotective dark states. The photobleaching quantum yield values for FR-MQV, FR-MQVV* and mScarlet are
nearly the same at the two excitation rates.
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Expression in HeLa cells and the subsequent assessment of brightness were conducted using piggyBac-
H2B vectors and flow cytometry, as detailed in Supplementary Information Section S5. Our investigation
aimed to quantify the cellular fluorescence brightness of three variants—FR-MQV, FR-MQVV*, and FR-
HQV*—where chromophore maturation was not significantly diminished due to the incorporation of the
A218T mutation. Human codon-optimized versions of the genes were purchased from a commercial gene
synthesis company (Gene Universal, Newark Delaware, USA), who use a proprietary algorithm for
optimization. The codon-optimized versions of FR-MQVYV and FR-HQV exhibited a 1.3-fold increase in
fluorescence brightness compared to the FR-MQV (mScarlet control). However, when compared to the
non-codon optimized versions - we note a significant drop in the brightness of FR-MQV on codon
optimization and this outcome is unexpected, as codon optimization traditionally enhances protein
expression levels rather than diminishing them. Furthermore, the counterintuitive nature of this result
becomes even more pronounced when considering the minimal divergence in codon composition between
the variant and parent genes. This outcome underscores the complexity of predicting and interpreting the
ramifications of codon optimization, particularly in cases where specific amino acid positions play a crucial

role in protein structure and function. **+

Outlook: To develop variants of FR with longer fluorescence lifetimes and higher brightness, we performed
targeted mutagenesis at positions previously shown to produce photophysical diversity, but which were not
fully explored. In a series of library generations corroborated by MD simulations, we developed
fluorophores with fluorescence quantum yields up to 75%. This study aids in the general advancement of
fluorescent tool development and provides insights into identifying key positions, such as A218 in FR, that
are useful for reducing the non-radiative rates by increasing the rigidity of the chromophore environment.
The chances of discovering and understanding the significance of these mutations would have been limited
when using high-throughput evolution tools with low information content, such as FACS. These ideas
extend beyond experimental principles, with the emergence of Al-assisted in-silico methods such as
AlphaFold and RosettaFold revolutionizing the design of synthetic proteins,***’ including FPs.
Additionally, genetic code expansion, involving the incorporation of non-natural amino acids through
engineered orthogonal translation systems in synthetic biology, presents a promising approach to creating
a new generation of fluorescent tools driven by physical principles of reduced conformational space and
ideal positioning indices for key residues around fluorescent chromophores.*® Future efforts combining
these methods could potentially generate new fluorophores surpassing the performance of the best currently
available FPs.
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