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Structural origin and rational development of bright red
noncanonical variants of green fluorescent protein

* 3nd Chong Fang*®

Cheng Chen,? Hao Zhang,™ Jing Zhang, Hui-wang Ai,
The incorporation of noncanonical amino acids (ncAAs) into fluorescent proteins is promising for red-shifting their
fluorescence and benefiting tissue imaging with deep penetration and low phototoxicity. However, ncAA-based red
fluorescent proteins (RFPs) have been rare. The 3-aminotyrosine modified superfolder green fluorescent protein (aY-sfGFP)
represents a recent advance, yet the molecular mechanism for its red-shifted fluorescence remains elusive while its dim
fluorescence hinders applications. Herein, we implement femtosecond stimulated Raman spectroscopy to obtain structural
fingerprints in the electronic ground state and reveal that aY-sfGFP possesses a GFP-like instead of RFP-like chromophore.
Red color of aY-sfGFP intrinsically arises from a unique “double-donor” chromophore structure that raises ground-state
energy and enhances charge transfer, notably differing from the conventional conjugation mechanism. We further
developed two aY-sfGFP mutants (E222H and T203H) with significantly improved (~12-fold higher) brightness by rationally
restraining the chromophore’s nonradiative decay through electronic and steric effects, aided by solvatochromic and
fluorogenic studies of the model chromophore in solution. This study thus provides functional mechanisms and generalizable

insights into ncAA-RFPs with an efficient route for engineering redder and brighter fluorescent proteins.

1. Introduction

One key motto for bioimaging, redder is better, demands a
versatile set of noninvasive photosensitive biomarkers. Red
fluorescent proteins (RFPs) are powerful tools for fluorescence
imaging due to reduced tissue absorption, autofluorescence,
and phototoxicity at long wavelengths. Therefore, the targeted
engineering of bright RFPs is highly desirable. Following the
development of Aequorea victoria green fluorescent protein
(avGFP) variants spanning the blue to yellow spectral region, a
large family of RFPs with fluorescence emission over 550 nm has
been discovered and developed from the Anthozoa species.l'5
However, the existing RFPs commonly display shortcomings in
their brightness, maturation, oligomerization, stability, and

dynamic range in biosensing.z'4 Many efforts were devoted to

converting GFP to RFPs but have resulted in limited success.®®
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Several studies addressed these issues by incorporating
noncanonical amino acids (ncAAs) into GFp.21° Among these
efforts, tyrosine-66 as part of the GFP chromophore was
typically replaced with ncAAs to generate the modified

chromophores, yielding emission redshifts.'""?

It was recently
discovered that introducing 3-aminotyrosine (aY) into the GFP
chromophore (Fig. 1) can give rise to an impressive ~100 nm
redshift in fluorescence and effectively turn it into an REP.1¥1

This approach can be generalized to diverse GFP variants

and biosensors, and further applied to in vitro assays and live-
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Fig. 1 The green-to-red conversion in superfolder GFP (sfGFP) by an
amino substitution. The model chromophores (A) HBDI and (B) amino-
HBDI in the deprotonated state are directly compared with (C) sfGFP
with a deprotonated chromophore and (D) aY-sfGFP with an amino-
substituted deprotonated chromophore, respectively. Two possible
conformations with the singly substituted amino group in aY-sfGFP are
indicated by gray and black solid circles. The tentative structural moiety
to be examined in this work is highlighted by the green dashed ellipse.



cell imaging. However, the structural origin of the emission
redshift has remained elusive. We previously postulated that
the formation of an RFP-like chromophore can expand the
self-catalyzed
study proposed that the
environmental effect rearranges hydrogen (H)-bonding near

chromophore’s m-conjugation via additional
oxidation,14 while another
the chromophore.B In this work, we aimed to gain structural
insights and perform targeted engineering. We combined a
series of spectroscopic, electrochemical, and computational
techniques to investigate the chromophore structure and
determined that a “double donor” mechanism which differs
from previous propositions is mainly responsible for the
unusually large redshift. Moreover, by using a more robust
procedure for the aY-modified superfolder GFP (aY-sfGFP)
expression, we found that the fluorescence quantum yield
(FQY) of aY-sfGFP was overestimated.™ Subsequently, we used
the delineated mechanistic insights into the chromophore
structure as well as protein engineering methods to significantly
boost the FQY for aY-sfGFP. This effective feedback and
discovery loop can benefit the crucial characterization and
improvement of myriad photosensitive, complex systems from
noncanonical RFPs to nanomachines across various disciplines.

2. Results and discussion
2.1. Origin of red emission in GFP-like model chromophores

We first compared the absorption and fluorescence properties
of sfGFP and aY-sfGFP with the synthetic model chromophore
of sfGFP, para-hydroxybenzylidene-dimethylimidazolinone
(HBDI, Fig. 1A), and its ortho-amino-derivatized variant, amino-
HBDI (Fig. 1B). We note that the two synthetic model
chromophores have higher pK, in water (e.g., ~8.4 for HBDI),"
but when they (such as HBDI) are placed within FPs, the
chromophore local environment is expected to reduce their pK,
values, resulting in deprotonation (reaching the anionic form) at
neutral pH buffer conditions.***® To make our comparisons
more relevant, we specifically deprotonated the two synthetic
model chromophores using alkaline solution before performing
spectroscopic measurements. Notably, since the —OH/-0" pair
(pK,,1 = 8.1) has a higher pK, value than the —NH5"/-NH, pair
(pKa,2 = 4.3) in amino-HBDI chromophore, under our condition
it is unlikely to form the zwitterionic tautomer between —OH
and —NH,, i.e., -O7/-NH;" in the ground state (see supporting
data plots in Fig. S1, ESIt). Therefore, all the chromophores
under discussion here (solution vs. FP environments) are the
same anionic forms shown in Fig. 1.

From steady-state electronic spectroscopy, sfGFP and aY-
sfGFP display similar but slightly lower emission peak energies
than those of the model chromophores, HBDI and amino-HBDI,
in acetonitrile (509 vs. 500 nm, and 605 vs. 575 nm),
respectively (see Fig. 2A, top vs. bottom panels). Meanwhile,
the absorption peaks of the two FPs show more pronounced
redshifts with respect to the model chromophores (488 vs. 461
nm, and 541 vs. 499 nm). These experimental findings align with
the fact that the protein local environment (electrostatic and
steric effects) can impact on the electronic ground and excited
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Fig.2 Steady-state electronic spectra and energetics of sfGFP, aY-sfGFP,
and their synthetic model chromophores. (A) Absorption and emission
spectra of sfGFP/aY-sfGFP at pH 7.4 tris buffer with deprotonated
chromophores and the deprotonated HBDI/amino-HBDI in acetonitrile
with 0.1% (v/v) organic base, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).
The spectra of model chromophores in acetonitrile are presented to be
consistent with the solvent used in cyclic voltammetry. (B) Experimental
energies measured by cyclic voltammetry (for the HOMO energy) as well
as absorption/emission spectra (AE), and the computed electron density
distribution of HOMO and LUMO for the deprotonated HBDI and amino-
HBDI in acetonitrile with 0.1% (v/v) DBU.

states of the chromophore, as previously investigated via
theoretical calculations.””*® In solution, the deprotonated
amino-HBDI exhibits solvatochromism for both the electronic
absorption and emission profiles, indicative of the excited-state
intramolecular charge transfer (ICT) (see Fig. S2 and Table S1 in
the ESIT). Kamlet-Taft solvatochromic analysis reveals that the
spectral shift in absorption is governed by the solute-solvent H-
bonding interactions while the emission is mainly contributed
by both H-bonding and dipolar interactions (more prominent)
between the chromophore and solvent (see Section S1.1, ESIt).
Nevertheless, these spectral comparisons show that the single
amino substitution can red-shift the GFP chromophore emission
to a significant extent in solution.”
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The large redshift induced by a small substituent (mild
structural change) is peculiar because the chromophore
conjugation size is only slightly enlarged. To provide more
experimental insights into the amino-caused change of
electronic structure, we measured the HOMO energy of HBDI
and amino-HBDI model chromophores in acetonitrile using the
cyclic voltammetry method (see Fig. 2B and Fig. S3A,C, ESIt) and
then estimated the LUMO energy by adding the 0-0 transition
energy gap to the HOMO energy.zo’21 Moreover, the 0-0
transition energy gap (AE in Fig. 2B) was approximated
experimentally as the intersection of the normalized reduced
absorption and emission spectra (see Section S1.2 in the ESIT
for detailed justification of this method, and Fig. S3B,D).

T T T T

_HBbI ((IBS-lFisS pattern]s) 1558 Al

©
®
=
e
|

aY-sfGFP D

Stimulated Raman gain (normalized)

mApple (RFP) E|

1181
| o
~ o QB2
83 2 Bon B9 |
Ql | S 5oy Q| 0
A A, i lj\t PN 1 /\\{\ 1 1
600 800 1000 1200 1400 1600

Stokes Raman shift (cm™)

Fig. 3 Ground-state FSRS spectra of sfGFP, aY-sfGFP, mApple, and the
synthetic model chromophores in solution. Peak frequencies are
determined from least-squares fits using gaussian profiles. Shifted
Raman mode frequencies due to —CH; motions are indicated in red.
Several high-frequency modes with notable —NH, motions of the
chromophore are highlighted by vertical magenta boxes (panels C/D).
Cyan rectangular shades mark two characteristic RFP modes among the
distinct Raman spectral patterns. All five spectra were recorded when
the chromophores were deprotonated in pH 7.4 tris buffer for the FPs,
and in aqueous solution with 1 mM NaOH for the model chromophores.
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We stress that the 0-0 transition gap was used here as a
qualitative estimate for the HOMO-LUMO gap that primarily
contributes to the transition from the singlet ground (So) to first
excited state (S;) as substantiated by quantum calculations
(Table S2, ESIT). The LUMO energy obtained this way reflects an
averaged trend on the absorption and emission gaps since both
optical transitions are not exactly given by a single HOMO-
LUMO transition. The values and trend are corroborated by
guantum calculations with the economical methods (ESIT, Fig.
S4 and Table S2), which indicates that the large electronic peak
redshift of amino-HBDI is governed by the drastically raised
HOMO energy (—4.37 vs. —4.62 eV, see Fig. 2B). The energy
increase is reflected by the altered electron density distribution
showing more localized electron density mainly on the
phenolate and —NH, group as well as an additional nodal plane
between the two moieties. Notably, this mechanism is different
from the redshift mechanism of RFPs containing an extended
conjugation moiety at the imidazolinone end (e.g., N-acylimine),
which causes the decreased excited-state energy mostly due to
the enhanced phenolate-to-imidazolinone ICT.*®?? Our results
also align well with recent reports on color tuning of the GFP
chromophore in solution and protein environments.'*?
Meanwhile, the strong electron-donating capability of —NH,
substituent in such a “double-donor” structure (-O  as the
other donor, see Fig. 1B) causes a prominent ICT process upon
the HOMO-LUMO transition which accounts for the
pronounced solvatochromism of amino-HBDI (see below, and
Section S1.1 in the ESIt). This inherent property may also
explain the large Stokes shifts of amino-HBDI and aY-sfGFP (Fig.
2A), which make the latter protein even more advantageous in
imaging applications besides the emission color.

2.2. Spectroscopic identification of the a¥Y-sfGFP chromophore
structure

Although the amino substitution alone demonstrates potential
in dramatically red-shifting the GFP chromophore color in
solution, we could not completely exclude the possibility of RFP-
like chromophore formation as an add-on effect for an already
red-shifted chromophore. This point requires particular caution
when the model chromophore exhibits solvatochromism that
the emission wavelength can significantly vary in different
environments (Fig. S2, ESIT). Because of the resilience of aY-
modified GFP to crystallization,13 a direct identification of the
chromophore structure is not readily available. Therefore, we
implemented femtosecond stimulated Raman spectroscopy
(FSRS)**?® with high structural sensitivity in the electronic
ground state to systematically examine vibrational signatures
for aY-sfGFP chromophore in contrasting local environments.
The unique resonance enhancement in the tunable FSRS
methodology enables us to obtain vibrational spectrum with
high signal-to-noise ratio solely for the chromophore without
contamination from other amino acids of the protein,26 thus
allowing for the unambiguous identification of the embedded
chromophore structure by strategic comparisons with a series
of control samples, particularly between the synthetic model
chromophores in solution and their counterparts in FPs (Fig. 3).
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Table1 Representative high-frequency vibrational mode assignments for fluorescent proteins (FPs) and model chromophores

Prominent —NH; motions amino- .
methyl motions? involved? HBDI sfGFP HBDI aY-sfGFP Vibrational mode assignment
(YorN) (YorN)

N Y 1634° 1627° 1628 1628 P(Veoc), B(Vewo, pen), 1(Veeo)
Y Y 1585 1578 1590 1580 1(Veen, 8-ty Vo), P(Pe-n)
Y N 1558 1544 1557 - P(Ve-c, V-0, Pc-t), B(Vee, Pe-n), Ve, Ve-0, Sc-n)
N Y 1504 1500 1492 1494 P(Ve-o, Pe-t), B(Veec, Pe-t), 1(6c_n)
Y Y 1441 1464 1457 1465 (8¢, Ven), P(Pc-n)
N Y 1370 1367 1366 1365 P(pc-t), B(Pc-t), I(Ve-n)

“ Common vibrational motions between the deprotonated HBDI and amino-HBDI chromophores in water (i.e., the —=NH, motions specific to amino-HBDI and aY-
sfGFP are not shown). All the experimental Raman peak frequencies listed were measured from the ground-state FSRS spectra as shown in Fig. 3. The calculated
full list of normal modes including the prominent methyl motions and characteristic -NH, motions in amino-HBDI can be seen in Tables S3 and S4 in the ESIt.
Note that sSfGFP and aY-sfGFP have the Thr-Tyr-Gly (TYG) chromophore (Fig. 1). The abbreviations in this table are for (1) structural moieties: P (phenolate ring),
1 (imidazolinone ring), B (methine bridge); and (2) characteristic vibrational motions: v (stretching), 6 (bending), p (in-plane rocking). ® The 7 em™ difference
experimentally observed between HBDI and sfGFP for this mode without prominent imidazolinone methyl motions (e.g., c_4 herein) might be due to other

specific chromophore-environment interactions in sfGFP.

As the well-known model chromophore for GFP, HBDI
exhibits similar mode frequencies to sfGFP due to prominent
vibrations of the HBDI backbone (see peaks with black labels in
Fig. 3A,B), except for the modes (red labels in Fig. 3A,B) that
involve significant bending motions of the imidazolinone methyl
groups (see example modes in Table 1 and the full Raman mode
assignments in the ESIt, Fig. S5, and Tables S3 and S4). This
useful pattern is because HBDI is truncated at these two methyl
sites versus the sfGFP chromophore in the protein matrix (see
Fig. 1A,C). Depending on the prominence of —CH; bending
components in the normal mode, the observed peak frequency
difference could vary (e.g., 23 cm ™t for 722/699 cm ™t vs. 7 ecm™
for 1308/1301 cm™ in HBDI/sfGFP, see Fig. 3A/B and Table S3
in the ESIT). In analogy, by considering such characteristic
frequency shifts (Table S4, ESIT), aY-sfGFP (Fig. 3D) exhibits
similar mode frequencies to amino-HBDI (Fig. 3C), suggesting
that the aY-sfGFP chromophore has the same structure as
amino-HBDI (Fig. 1B,D).

In addition, we found that amino-HBDI spectrally resembles
HBDI as the vibrational motions and frequencies of most Raman
bands above 1000 cm™ (mainly stretching modes of the HBDI
backbone) are highly conserved between these two model
chromophores (Fig. 3A and C, see mode assignments in the ESIT,
Tables S3 and S4). This result is reminiscent of the halogenated
GFP chromophores showing similar vibrational modes to GFP
chromophore in the protein or solution environment,™?” which
implies that a small substituent ortho to —O™ on the phenolate
ring does not induce a significant change in the ground-state
vibrational motions of the HBDI backbone. To substantiate this
useful point, we examined more substituents at this atomic site
of a series of HBDI derivatives and found similar mode

frequencies particularly in the high-frequency region,

regardless of the electron-withdrawing or -donating substituent
on the phenolate ring (see Fig. S6, ESIT). This finding supports
the use of mApple with a different substituent on the
imidazolinone ring (see below) as an effective control sample
for the chromophore structure determination in aY-sfGFP.
Moreover, the associated normal mode compositions of many
Raman peaks change to various extents due to the involvement
of —NH, motions (Fig. 3). For example, the 1441 cm™ mode of
HBDI shifts to 1457 cm™" in amino-HBDI due to prominent in-
plane bending motions of the —NH, group (Table 1). Such
frequency shifts can also be seen in other modes (e.g., 1151,
1246, and 1272 cm %, highlighted by magenta boxes in Fig. 3C,D
with detailed mode assignments listed in Tables S3 and S4,
ESIt).

These correlated spectral results highlight the subtle yet
detectable influence of a substituent at the donor moiety of GFP
chromophore on the ground-state electronic and vibrational
properties. Therefore, the detailed comparisons between HBDI
(Fig. 3A) and amino-HBDI (Fig. 3C) need to focus on the Raman
modes with conserved atomic motions (e.g., see Table 1), which
display similar frequencies and are also shared by sfGFP (Fig. 3B)
and aY-sfGFP (Fig. 3D) without and with the —NH, substituent,
respectively.

As further experimental evidence, the DsRed-derivative
mAppIe,28 a typical RFP with the extended m-conjugation via N-
acylimine double bonds (-C=N-C=0), exhibits globally different
vibrational signatures from sfGFP and aY-sfGFP. Other RFPs with
different extended conjugation structures at the imidazolinone
end have also been reported to exhibit contrasting Raman
spectra to GFP,B’30
electron-withdrawing conjugated moiety to this imidazolinone
ring site influences electron density distribution of the ground

implying that the incorporation of an



state and hence vibrational modes. This key point is further
corroborated by substitution of an electron-withdrawing group
at this site such as —-CF; and —-COCH; (i.e., the model
chromophore of RFP, asFP595)31'32 which leads to a notably
distinct spectrum showing different normal modes and
frequencies (see Fig. S7 in the ESIt for FSRS fingerprints), in
contrast to the largely conserved modes across various
phenolate-ring substituents (Fig. S6, ESIt). Therefore, even
without the phenolate amino substituent, mApple (with its
chromophore structure shown in Fig. 3E inset) still serves as a
useful control sample to infer the chromophore structure in aY-
sfGFP (Fig. 3D). The common RFP model chromophore with an
extended acylimine or its phenolate ortho-amino derivative was
not investigated here due to the substantial challenges
encountered with unstable intermediates for its synthesis.
Specifically, in mApple, the prominent 652 cm™ mode arises
from an out-of-plane twist of the acylimine C=N bond while the
1642 cm™ mode results from the acylimine C=N/C=0 stretch
coupled with imidazolinone C=0 stretch, both of which are
characteristic of a “conventional” RFP chromophore with the
acylimine moiety (Fig. S8B, ESIt).>* Furthermore, other marker
bands involving the acylimine motions include ~1615, 1486, and
1181 cm_l, just to name a few (Fig. 3E, see mode assignments
in Fig. S8 and Table S5 in the ESIt). In essence, no clear
observation of these marker bands across a wide spectral
window for the pre-resonantly enhanced Raman peaks in FSRS
(Fig. 3D, highlighted by semi-transparent cyan shades) strongly
suggests the absence of an N-acylimine structure in aY-sfGFP.
We note that other RFP-like chromophore structures such
as the asFP595 chromophore with a conjugated acetyl group (—
C:O)31’32 should also be unlikely for aY-sfGFP in view of the
remarkable impact of a conjugated electron-withdrawing
substituent at the imidazolinone ring end on the chromophore
vibrational modes as shown (Fig. S7 in the ESIT, see vertical gray
lines for example) and in literature.*® One remaining point is
that the mode intensity pattern of aY-sfGFP seems to differ
from amino-HBDI especially in the high-frequency region above
1000 cm™* (Fig. 3C,D). However, this observable is less indicative
than mode frequency because the apparent Raman mode
intensities of the same chromophore can vary with the
resonance condition, vibronic effect, and local environment.>>?*
For instance, a change in the FP local environment alters the
Raman mode intensity pattern to a significant extent as
observed in two single mutants of aY-sfGFP in this work (see
below, and more details in the ESIt). Nevertheless, systematic
and robust comparisons of the FSRS marker band frequencies
(an intrinsic property)zs’35 of a series of related FPs and their
model chromophores across a wide spectral range (see Fig. 3,
and Figs. S5-S8 in the ESIT) provide compelling evidence for a
GFP-like instead of an RFP-like chromophore inside aY-sfGFP.
Therefore, our new results provide fundamental physical
chemistry insights into an emergent ncAA-RFP, and correct the
previous proposition that the redshift of aY-sfGFP with respect
to sfGFP stems from the formation of an RFP chromophore via
self-catalyzed oxidation. The other mechanism suggesting the
decisive role of H-bonding in the local chromophore
environment®® s very unlikely considering the massive

This journal is © The Royal Society of Chemistry 20xx

magnitude of redshift (absorption: ~490 nm in sfGFP vs. 540 nm
in aY-sfGFP; emission: 510 nm in sfGFP vs. 605 nm in aY-sfGFP)
as presented in Fig. 2A top panel. Moreover, the conjugation
length of GFP chromophore poses an intrinsic limit to its
spectral wavelengths in different environments. The reddest
canonical FP with an HBDI chromophore structure reported to
date is phiYFP (525 nm in absorption and 537 nm in
emission)36’37 according to the FP database.*® The absorption
peak’s red limit at ¥525 nm has been accurately predicted in
Boxer group’s recent work that quantitatively modeled the
relationships between the electro-optical properties of GFP and
chromophore environment.”® In our work herein, we also
mutated aY-sfGFP to change the H-bonding network with or
near the chromophore which only leads to ca. 10-30 nm
spectral shifts (see below). Therefore, the change of protein
chromophore structure should dominate the large redshift for
aY-sfGFP as delineated by the aforementioned FSRS signatures
and systematic comparisons with robust analysis, while the
local environment variation plays a minor role.

2.3. Devising generalizable strategies to improve protein
brightness

Upon optimizing conditions for preparing the relatively large
quantity of aY-sfGFP needed for FSRS study, we noticed that aY-
sfGFP could be readily contaminated with sfGFP. In fact, aY is a
redox-sensitive amino acid and its undesired oxidation by
molecular oxygen in air could cause varied results. Using sealed
culture containers, a 1:5 medium-to-container volume ratio,
and induction at a high bacterial optical density resulted in aY-
sfGFP with minimal sfGFP contaminant (see Experimental
Section below). We re-examined photophysical properties of
the freshly purified aY-sfGFP and found that the brightness of
aY-sfGFP (FQY=0.037) was previously overestimated.™ Since
the low brightness poses a drawback for imaging applications,
we next sought in this work to engineer aY-sfGFP to boost its
bri,tghtnes_s.4'39'40 To dissect the chromophore-environment
interactions and rationally improve aY-sfGFP, we first studied
amino-HBDI that is essentially nonfluorescent in aqueous
solution (FQY:10_4) due to the isomerization-induced rapid
nonradiative decay pathways.l‘r”“’42 Interestingly, amino-HBDI
displays fluorogenic behavior in solution that smaller solvent
polarity causes higher FQY (Table S1, ESIT). This result indicates
prominent ICT, so the isomerization barrier of fluorescent state
(FS) toward transition state (TS) is sensitive to environmental
polarity. The negative correlation between FQY and polarity
suggests a more polar structure of TS than FS in amino-HBDI, so
higher solvent polarity leads to more populations moving out of
FS toward an S;/Sq conical intersection.*®** A closer inspection
suggests that the steric effect may also contribute to FQY. The
correlation between FQY (¢) and electronic (polarity, E¥) and
steric (viscosity, 7n) effects can be modeled by a linear
relationship: log(1/¢ — 1) ~ A - EN + B -log(n) (see Section
S1.3, ESI‘r).45 The best-fit results (A > 0, B < 0) manifest that
smaller polarity and larger viscosity of the solvent increase the
chromophore FQY. This finding can be visualized by the single-
parameter plot as we define an electro-steric parameter: 0 =
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EN +B/A -log(n) so log(1/¢ —1) ~ A - o (see Fig. 4A, and
Table S6 in the ESIT), and the linear relationship is conspicuous
for amino-HBDI in various solvents.

Caution is needed when one translates knowledge in a
chromophore FQY between different microenvironments. In
solution, FS and TS experience relatively homogeneous
electrostatic fields applied by solvent molecules,* resulting in a
decreased FS-to-TS barrier in polar solvents for amino-HBDI.
Protein environment around the chromophore, however, is
inhomogeneouszs’%’47 and could exert distinct impacts on FS
and TS, and alter the FQY differently. Notably, TS adopts a
twisted chromophore structure along the
coordinate for these HBDI derivatives.”®*" With these essential
mechanistic insights, we devise feasible strategies to stabilize FS
(strategy 1) or destabilize TS (strategy 2) of the protein
chromophore via electrostatic or steric confinements as
illustrated in Fig. 4B, which is nontrivial since the potential
energy surface is affected by different factors at different
locations as the photoexcited chromophore searches phase
space to reach the fluorescent state.

The logical primary targets for mutagenesis involve residues
proximal to the chromophore due to their strong interactions.
In particular, the symmetry breaking of a substituted phenolate

isomerization
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Fig. 4 Correlations between the chromophore FQY and environmental
factors. (A) Dependence of amino-HBDI’s FQY on solvent properties. (B)
Schematic energy diagram proposed for tuning the FQY. The double-
sided arrows depict the chromophore isomerization barriers. Red arrows
denote the energy tuning for FS and TS, separately, reaching the
illustrative potential energy surfaces (brown and green solid curves) for
strategies 1 and 2. (C) Local environment of the sfGFP chromophore (PDB
ID: 2B3P;*® see more details in Fig. S10, ESIT). The relevant H-bonds are
indicated by yellow dashed lines with distances marked in A unit.
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results in two possible conformations with —NH, on site 3 or 5
referred to as conformation 1 and 2, respectively (Fig. 1D). We
that the ground-state FSRS data cannot readily
discriminate between the two conformers as our current level

note

of calculations yield similar spectra (Fig. S9, ESIt). However,
quantum mechanics (QM/MM)
calculations and molecular dynamics (MD) simulations have

mechanics/molecular

supported conformation 2 for a¥-modified avGFP (a structural
analogue of sfGFP) due to the H-bonding network with nearby
polar residues like $205." Considering the similar chromophore
pockets for these two proteins, aY-sfGFP likely also adopts
conformation 2 (see Fig. S10B, ESI’r).48 The fact that our
strategic mutations at this particular side of the chromophore
improve FQY (see below) further substantiates the
assignment. We next sought for specific protein residues for

can

mutagenesis to examine the aforementioned two strategies
(Fig. 4B) that are generalizable to other FPs to improve FQY and
advance their bioimaging potentials.

2.4. Rational mutagenesis of aY-sfGFP for brighter mutants

The deprotonated chromophores of GFPs usually exhibit high
FQYs, mainly attributed to the H-bonding wire that connects the
chromophore Y66, water, S205, E222, and S65/T65 (Fig. 4C).49'
*! The weakened H-bonding like in avGFP-E222Q decreases the
chromophore FQY because glutamine is a weaker H-bond
acceptor.50 This result supports our model that the H-bonding
wire stabilizes FS. The drastic FQY drop from sfGFP (~0.65) to
aY-sfGFP (0.037) insinuates that the H-bonding wire is disrupted
in aY-sfGFP, wherein the —NH, group on the phenolate ring
approaches S205 and E222 (Fig. S10B in the ESIt) to force a
reorganization of the H-bonding network near the
chromophore. In particular, =NH, likely forms an H-bond with
S205 and breaks the one between S205 and E222 (glutamate in
pH 7.4 buffer) that can only act as an H-bond acceptor. This
scenario is reminiscent of the a¥Y-modified avGFP wherein E222
significantly deviates from its original position in avGFP.” we
hypothesized that rebuilding an H-bond between site 222 and
S205 or even —NH, could stabilize FS and increase FQY (strategy
1, Fig. 4B). Among the isosteric residues,”” histidine represents
a suitable candidate because of its H-bond-donating capability.
Through site-directed mutagenesis, the resultant single mutant
E222H exhibits the remarkably improved brightness with
FQY=0.425, comparable to other bright RFPs.**%% The blue-
shifted absorption and emission peaks (at ~522 and 575 nm, see
Table 2 and Fig. S11 in the ESIt) corroborate the strengthened
H-bonding with the chromophore that effectively stabilizes the
negative charge of phenolate as supported by recent work on
the color-tuning mechanism for GFP,B’49 while the red emission
still characterizes the mutant as a potent RFP. Further evidence
arises from the ground-state FSRS studies on various proteins,26
wherein the Raman mode frequency and intensity show
correlated patterns with the H-bonding and mn—m stacking
interactions (see Fig. S12 and Section S1.4 in the ESIT). These
important results provide detailed evidence for our above-
mentioned interpretation that a change of FP local environment
(even with a single point mutation) could exert drastic effects
on the vibrational mode intensity (see notable Raman peak

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Excited-state decay of aY-sfGFP and its brighter mutants. (A)
Contour plots of femtosecond transient absorption spectra in the
stimulated emission (SE) region. (B) Intensity dynamics of the protein SE
band with decay time constants listed for three proteins in the inset. (C)
Rate constants of the nonradiative (k,,., cyan) and radiative (k,., orange)
decay pathways retrieved in three proteins show distinct trends.

pattern changes in Fig. S12A, ESIT), thus making it less indicative
or useful than the Raman mode frequency in revealing the
chromophore structure as manifested in Fig. 3.22¢

Alternatively, a destabilized TS can the
isomerization barrier (see design strategy 2 in Fig. 4B). Due to
the relevant twisted structure, we reason that placing a bulky
residue below or above the chromophore conjugation plane can
cause steric clash and thus destabilize TS. Potential candidates
include the common histidine or tyrosine with aromatic rings at
site 203 to interact with the chromophore phenolate ring. The
pertinent n—t stacking interactions have been found in various
FPs with high FQYs.*****" The resultant T203H mutant shows an
improved FQY of 0.145 (see Table 2, and Fig. S11 in the ESIt),
but T203Y is dimmer than aY-sfGFP. It implies that T203Y does
not favor strong m-m stacking, likely due to the symmetry-
breaking —NH, substituent on the chromophore phenolate ring
with a bulky Y203 nearby.

The increased FQYs of these newly engineered protein
mutants correlate with their lengthened excited-state lifetimes
(krs) from ultrafast transient absorption spectroscopy (see Fig.

increase

Table 2 Photophysical properties of aY-sfGFP and amino-HBDI

Aaps /0 Aem / ® (Fay)

amino-HBDI ¢ 499 575 4.5%x10™*
aY-sfGFP b 541 605 0.037
T203H b 540 601 0.145
E222H b 522 575 0.425
T203H/E222H b 535 580 0.415

“Measured in acetonitrile solvent with 0.1% (v/v) DBU (see Table S1 in the
ESIT). ® Measured in pH 7.4 tris buffer (see Fig. S11 in the ESIT).

This journal is © The Royal Society of Chemistry 20xx

5A,B, and Fig. S13 in the ESIt for global analysis results).
Calculations of the nonradiative (k;,) and radiative (k,) decay
rate constants (i.e., kp = (1 — P)kps and k, = ¢pkps, see
Section S1.3 in the ESIT) reveal that the improved FQY mainly
originates from the decrease in k,,, with a largely unchanged k,
(Fig. 5C), which validates our rational design strategies for
improving FQY via effective inhibition of the chromophore
isomerization that constitutes the major nonradiative pathway.
Last but not least, we expressed the double mutant
T203H/E222H to check whether an additive effect exists for the
FQY. Interestingly, T203H/E222H shows a similar FQY (0.415) to
E222H (Table 2, and Fig. S11 in the ESIt) but a drastically
decreased extinction coefficient (Fig. S14, ESIt), making its
overall brightness inferior to E222H. The very low extinction
coefficient of aY-sfGFP-T203H/E222H may indicate a distorted
chromophore (non-planar) in the ground state®®*® due to the
two strongly interacting bulky histidine residues in close
proximity within the protein matrix. This property can be
detrimental to the FQY since no additive effect on FQY was
observed, which could inspire future investigations.

3. Materials and methods
3.1. Plasmid construction, mutagenesis, and protein expression

The noncanonical amino acid 3-aminotyrosine (H-3-amino-Tyr-
OH-2HCI, Cat # 402789) was purchased from Bachem (Torrance,
CA, USA).14 All oligonucleotides were synthesized by Integrated
DNA Technologies (Coralville, lowa, USA). Sanger sequencing
was performed by Eurofins Genomics (Louisville, KY, USA) for
plasmid confirmation.

To perform mutagenesis at residue positions 205 and 222,
pBAD-sfGFP(Y66TAG) was separately amplified with Arab_f and
S205NNK_r, or Arab_r and E222NNK_f. The two fragments
purified from gel extraction were used for three-fragment
Gibson assembly60 along with a pBAD plasmid (Thermo Fisher)
predigested with Hind Ill and Xho I.

To perform mutagenesis at residue position 203, pBAD-
sfGFP(Y66TAG) was separately amplified with Arab_f and
T203NNK_r, or Arab_r and T203NNK_f. The two fragments
purified from gel extraction were used for three-fragment
Gibson assembly along with a pBAD plasmid (Thermo Fisher)
predigested with Hind Ill and Xho I.

The gene libraries were used to transform E. cloni 10G
competent cells (Lucigen) containing the pEvol-MjaYRS plasmid
(Addgene, Cat # 153557) via electroporation. Cells were plated
on 2xYT agar plates supplemented with 100 pg/mL ampicillin,
35 pg/mL chloramphenicol, 4 mM aY amino acid, and 0.2%
(w/v) L-arabinose. After incubation at 37 °C overnight, the
plates were sealed with parafiim and incubated at room
temperature for 48-72 h. A laboratory-built colony
fluorescence imaging system (excitation filter 550/30 nm,
emission filter 645/75 nm) was used to image the red
fluorescence of the colonies. Bright colonies were selected and
used to inoculate 300 pL of Terrific Broth (TB) medium
supplemented with 100 pg/mL ampicillin and 35 pg/mL
chloramphenicol in a 96-deep well plate sealed with adhesive
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foil (VWR, Cat # 60941-126) at 37 °C overnight. Next, another
100 pL of TB containing 0.8% (w/v) L-arabinose and 16 mM aY
amino acid was added, resulting in ~400 puL culture containing
0.2% (w/v) L-arabinose and 4 mM aY in every 2 mL well. The
plate was sealed again with adhesive foil to minimize amino acid
oxidation before being cultured at 30 °C and 220 rpm for
another 48 h.

Cells were pelleted by centrifugation, and the pellets were
lysed with Bacterial Protein Extraction Reagents (BPER, Thermo
Fisher) on ice with gentle shaking for 30 min. The supernatants
were used for screening on a BioTek Synergy Mx Microplate
Reader. Fluorescence (excitation 540 nm, emission 605 nm) was
measured, and promising colonies were sequenced. pBAD-
sfGFP(Y66TAG)-T203H and pBAD-sfGFP(Y66TAG)-E222H were
generated during the library that
corroborate our proposed rational design strategies (see main

screening processes

text above) for enhancing the brightness of the protein
fluorescence. To evaluate the potentially additive effect, the
double-mutant  (pBAD-sfGFP(Y66TAG)-T203H/E222H) was
generated from pBAD-sfGFP(Y66TAG)-E222H using the
oligonucleotides Arab_f, T203H_r, Arab_r, and T203H_f.

The sequences (5'>3’) of the oligonucleotides mentioned
above are:

Arab_f: CTTGACGGCTACATCATTC

S205NNK_r:

CACGTTTTTCATTCGGATCTTTGCTCAGAACMNNCTGGGTGCT

CAGATA

Arab_r: GAATGATGTAGCCGTCAAG

E222NNK_f:

GATCCGAATGAAAAACGTGATCATATGGTGCTGCTGNNKTTTG

TTACCGCCGCG

T203NNK_r:

GCTCAGAACGCTCTGMNNGCTCAGATAATGATTATC

T203NNK_f:

GATAATCATTATCTGAGCNNKCAGAGCGTTCTGAGC

T203H_r: GCTCAGAACGCTCTGGTGGCTCAGATAATGATTATC

T203H_f: GATAATCATTATCTGAGCCACCAGAGCGTTCTGAGC

To express the relatively large quantity of proteins for all the
spectroscopic measurements, the pBAD plasmids were used to
transform E. cloni 10G competent cells (Lucigen) containing the
pEvol-MjaYRS plasmid. A single colony of each mutant was
picked and grown in a capped culture tube with 1.0 mL TB
supplemented with 100 pg/mL ampicillin and 35 pg/mL
chloramphenicol at 37 °C and 220 rpm overnight. The saturated
starter was then diluted 100-fold into 100 mL TB supplemented
with 100 pg/mL ampicillin and 35 pg/mL chloramphenicol in a
500 mL flask. For optimal protein expression, the medium
volume should be equal to ~1/5 of the volume of the container.
When the optical density (OD) at 600 nm reached 2 per cm,
0.2% L-arabinose and 4 mM aY amino acid were added to the
culture. The flask was sealed and incubated at 30 °C and 220
rpm for 48 h. Cells were pelleted, resuspended in 1xPBS
(phosphate-buffered saline, pH 7.4), and lysed by sonication.
His-tagged proteins were first enriched and purified with Ni-
NTA agarose beads (Pierce, Rockford, IL), then subjected to an
Akta protein purification system (Cytiva) that was equipped
with a HiLoad 16/600 Superdex 200 pg size-exclusion column.
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Proteins were kept in the elution buffer (30 mM Tris HCI, 150
mM NacCl, pH 7.4) at 4 °C, and further analysis was completed
within 1-3 weeks.

3.2. Spectroscopic measurements and analysis

The steady-state electronic absorption spectra of all the
samples were collected using a Thermo Scientific Evolution 201
UV/Visible spectrophotometer. The fluorescence spectra were
collected using a Shimadzu RF-6000 spectrofluorophotometer.
The solution sample measured was filled in a four-sided, 10-
mm-pathlength quartz cuvette. All the spectroscopic
measurements were conducted at room temperature (22 °C)
and standard pressure (1 atm).

The femtosecond transient absorption (fs-TA) and ground-
state femtosecond stimulated Raman spectra (FSRS) for all
samples were collected using a home-built optical setup on the
basis of a mode-locked Ti:sapphire oscillator and a laser
regenerative amplifier (Legend Elite-USP-1K-HE; Coherent,
Inc.), which provides an ~800 nm fundamental pulse (FDP) with
35 fs duration and 1 kHz repetition rate. The detailed
description of both spectroscopic setups can be found in our
previous publications.m'63 In brief, visible fs pump pulses in fs-
TA were generated through a two-stage fs noncollinear optical
parametric amplifier (NOPA), followed by temporal
compression via a chirped mirror pair (DCM-12, 400-700 nm,
Laser Quantum, Inc.).64 The fs probe from supercontinuum
white light (SCWL) was generated by focusing a small portion of
FDP onto a 2-mm-pathlength quartz cuvette filled with
deionized water, and temporally compressed by a chirped
mirror pair (DCM-9, 450-950 nm, Laser Quantum, Inc.). The
cross-correlation time between the fs actinic pump and SCWL
probe was ~100 fs. The sample was housed in a 1-mm-
pathlength quartz cuvette and flowed through soft tubing that
was pumped by a mini electric motor. The pump wavelength
was strategically tuned to 490 nm for sfGFP, 510 nm for E222H,
520 nm for T203H/E222H, and 535 nm for aY-sfGFP and T203H,
in accord with their absorption profiles (Fig. S11A, ESIt). The
pump power used was ~0.2-0.3 pl/pulse for all samples. Global
analysis of the fs-TA spectra was performed using the open-
access Glotaran program.65 A sequential kinetic model that
yields the evolution-associated difference spectrum (EADS)GS’67
was used to retrieve intrinsic rate constants underlying the
chromophore excited-state electronic dynamics (Fig. S13, ESIt).

The ground-state FSRS experiment consists of two laser
pulses: a picosecond (ps) Raman pump that was generated by a
two-stage ps-NOPA system, and an fs probe (SCWL) that was
shared with the aforementioned fs-TA setup but compressed by
a chirp mirror pair of either DCM-12 (400-700 nm, Laser
Quantum, Inc.) for sfGFP, HBDI, and amino-HBDI samples or
DCM-9 (450-950 nm, Laser Quantum, Inc.) for aY-sfGFP, T203H,
E222H, T203H/E222H, and mApple samples (i.e., the samples
with redder absorption and emission profiles in this work). To
achieve pre-resonance enhancement to increase the vibrational
signal-to-noise ratio for robust spectral analysis, the Raman
pump wavelength was tuned to 534 nm (HBDI, amino-HBDI,
sfGFP), 580 nm (E222H), 589 nm (T203H/E222H), 601 nm (aY-
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sfGFP), 610 nm (T203H), and 615 nm (mApple). For the two
series of synthetic model chromophores, the singly substituted
HBDI chromophores at the phenolate (P)-ring (Fig. S6, ESIt) or
imidazolinone (l)-ring (Fig. S7, ESIT),>'%3%®8 the Raman pump
wavelengths were selected accordingly to achieve pre-
resonance condition and with decent Raman pump average
power (3—4 mW) to obtain high signal-to-noise ratio. The pre-
resonance Raman pump wavelength at the very red edge of the
electronic absorption band is expected to generate minimal
contribution from the excited-state vibrations. This point is
corroborated by our previous systematic investigations of the
ground-state FSRS line shapes using the Rhodamine 6G dye.69
The excited-state contributions (e.g., peak frequency shift and
width broadening) can only be observed with Raman pump
wavelengths that significantly go into the absorption band. All
the spectra were collected on the Stokes side of the visible
Raman pump, and processed consistently with spectral baseline
subtraction to obtain Raman peaks as shown in Fig. 3.2% The
sample solutions were all housed in a 1-mm-pathlength quartz
cuvette (Spectrosil 1-Q-1; Starna Cells, Inc.).

3.3. Cyclic voltammetry

Cyclic voltammetry measurements were performed with a CHI
bipotentiostat. Gold (2 mm in diameter) and stainless-steel
wires were used as the working and counter electrodes,
respectively, along with the silver (Ag) wire as the quasi-
reference electrode. The samples (1 mM HBDI and amino-HBDI)
were prepared by dissolving the compound in dry acetonitrile
and adding 0.1% (v/v) DBU (1,8-diazabicyclo[5.4.0]lundec-7-
ene) to achieve the deprotonation of the chromophore in
solution. Tetrabutylammonium hexafluorophosphate
([BusN]PFs, 0.1 M) was added as the supporting electrolyte.
Ferrocenemethanol (FcMeOH) was used as the reference. The
cyclic voltammograms were obtained at a scan rate of 50 mV/s
to obtain the onset potentials for the deprotonated HBDI and
amino-HBDI in acetonitrile (ESIt, Section S1.2 and Fig. S3A,C) as
the model chromophores.

3.4. Computational methods

To qualitatively predict the energy shift trend (not focusing on
the exact values) for electronic transitions of the model
chromophore due to a single amino substituent, ground- and
excited-state calculations for the anionic (i.e., deprotonated)
HBDI and amino-HBDI were performed with density functional
theory (DFT) and time-dependent (TD)-DFT at the B3LYP/6-
311G+(d,p) functional level/basis set, respectively. The
chromophore geometry was optimized for both the electronic
ground (Sg) and first excited (S;) singlet states with the implicit
integral equation formalism variant polarizable continuum
model (IEFPCM) to account for solvation effects. Water and
acetonitrile were used as IEFPCM solvents. All calculations were
performed using the Gaussian 16 program.70 The S¢S,
absorption and emission are dominantly contributed by the
HOMO-LUMO transition for these molecules (Table S2 and Fig.
S4 in the ESIT), and the associated electron density distribution
changes can provide useful insights into the observed electronic
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absorption and emission peak shifts between HBDI derivatives
(see Fig. 2 for example). The calculated ground-state Raman
spectra were frequency-scaled to match the experimental FSRS
spectra across a wide spectral window for a series of
comparative samples from the model chromophores to their
corresponding chromophores in the protein matrix (see Figs. S5
and S8, and Tables S3-S5 in the ESITt).

4. Conclusions

In this contribution, we implemented the wavelength-tunable
FSRS methodology in the electronic ground state, aided by
other complementary spectroscopic and computational
techniques, to characterize an emergent noncanonical RFP and
reveal a GFP-like chromophore inside aY-sfGFP. Our findings
substantiate the dominant role of chromophore structural
change over environmental effect on the large redshift of aY-
sfGFP. The electron-donating amino substitution of the GFP
chromophore alone is adequate to greatly red-shift the
fluorescence via a unique double-donor structure that raises
the ground-state electronic energy and enhances
intramolecular charge transfer after photoexcitation. In
addition, we demonstrate that the chromophore environment
has significant impacts on the fluorescence efficiency. To
improve the aY-sfGFP brightness, we devised rational design
and engineering strategies with fundamental electronic and
steric insights from a unified excited-state potential energy
scheme. The ~12-fold increase in FQY of aY-sfGFP-E222H makes
it feasible to advance bioimaging such as FRET biosensing.g"ss’56
We envision that implementing the effective substitution and
mutation strategy based on deep molecular insights in this work
to existing RFPs may further shift their emission wavelengths to
far-red or near-IR regions with high brightness. We also
anticipate that high-level calculations such as all-atom or ab
initio MD simulations and hybrid QM/MM methods can provide
deeper insights into the amino- and other noncanonical
chromophore structure and its interactions with a dynamic local
environment,®”*”* further advancing rational protein design
for myriad applications in bioimaging and life sciences.
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