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S1. Supplementary Analysis and Discussions

S1.1 Solvatochromism of the model chromophore amino-HBDI

The absorption and emission wavelengths of a chromophore are intrinsically governed by the
specific (H-bonding) and nonspecific (dipole-dipole) solute-solvent interactions. These
interactions can be dissected by Kamlet-Taft analysis wherein H-bonding and dipolar contributions

are correlated with the electronic transition gaps in a linear relationship:'
v=vy+aa+ bf +pr” (S1)

where v is the observed spectral shift (absorption or emission) in 10° cm ™' unit, while a, 8, and
n* characterize the capability of H-bond donating, H-bond accepting, and dipolarity/polarizability
of the solvent, respectively. The positive/negative values of coefficients a and b indicate the
weakening/strengthening of H-bond accepting (basicity) and donating (acidity) capability of the
chromophore from the ground to excited state, respectively.”” Likewise, the positive/negative
value of coefficient p indicates the decrease/increase of chromophore dipole moment from the
ground to excited state.

The Kamlet-Taft analysis on the amino-HBDI model chromophore (Tables S1 and S6) shows
that the absorption wavelength is governed by H-bonding solute-solvent interactions (small p-
values and high statistical significance for coefficients a and b) while the emission wavelength is
contributed by both H-bonding and dipolar interactions (small p-values for coefficients a and p).
Note that all the correlations were statistically interpreted. The positive (a = 1.5) and negative
(b = -1.4) values for absorption indicate a weakened H-bond accepting and strengthened H-bond
donating excited state compared to the ground state at the relaxed ground-state geometry of the

chromophore, in accord with previous results on the deprotonated forms of GFP-chromophore
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derivatives.” The negative values (a = — 0.9 and p = - 2.9) for emission, however, indicate the
strengthened H-bond accepting capability and increased dipole moment of excited state compared
to the ground state at the relaxed excited-state geometry (fluorescent state) of the chromophore.
The opposite signs of a for the absorption and emission analysis imply a significant electron
density redistribution in the excited state of the model chromophore, in accord with the enhanced

intramolecular charge transfer (ICT) as suggested by theoretical calculations (Figure 2B).**

S1.2 Determination of 0—0 transition and HOMO/LUMO energies

Experimentally, the highest occupied molecular orbital (HOMO) energy can be directly
determined from the onset potential of the first oxidation peak in the cyclic voltammogram of a
compound (Figure S3A,C). Meanwhile, to provide a qualitatively reliable value for the lowest
unoccupied molecular orbital (LUMO) energy, we experimentally determined it by adding 0-0
transition energy to the HOMO energy. Notably, the 00 transition gap is not exactly equal to the
HOMO-LUMO transition gap and lies between the absorption and emission energies: this is a
reasonable approximation. In particular, amino-HBDI is dramatically red-shifted from HBDI in
both absorption and emission, so the overall trend in 0—0 transition or HOMO-LUMO transition
gap would not be biased. The 00 transition gap is approximated on the basis of the equations
below. Assuming a displaced harmonic oscillator (potential energy curve) and considering a single

vibrational dimension, the vibronic absorption and emission intensity can be described by:’

Sm

Lps(@) = [n(¥) - heV] 'Zme_s T8V + (Voo — mVpy)] (S2)
Sm

Igm (@) = [n(¥) - heV]® - Zﬁ"’_s T -6V — (Voo — mVpp)] (S3)
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n(¥) is the refractive index at the transition energy hcv (largely unchanged within the spectral
window). S and I" are the Huang-Rhys factor and line shape function, respectively. V,_, is the 0-0
transition energy and 7,, is the vibrational energy of m™ vibrational level. Therefore, the 0-0
transition energy can be experimentally determined from the crossing point of the reduced
absorption and emission spectra that are obtained by scaling the original spectra by 1/hcV and
(1/hc¥)3, respectively, followed by the peak intensity normalization (see Figure S3B.D). In
addition, we note that amino-HBDI exhibits a large Stokes shift and asymmetric absorption and
emission spectral profiles in polar solvents (water in particular) (see Figure S2). This result may
indicate a breakdown of the displaced harmonic oscillator assumption and cause inaccuracy in
determining the 0—0 transition energy using the method above. However, in much less polar
solvents like acetonitrile, the symmetry between the absorption and emission spectra is decent (see
the supporting figure below with the energy/wavenumber unit) so the aforementioned Equations

S2 and S3 should remain reliable to estimate the 0—0 transition energy (listed in Table S2 below).

amino-HBDI in ACN
Abs.

Em.

Normalized intensity

1 1 1 1 1
0 14 16 18 20 22 24
Wavenumber (X10° cm™)

Supporting figure: A replot of the absorption (black) and emission (red) spectra of amino-HBDI
in acetonitrile (ACN) as shown in Figure 2A bottom panel (see main text) using wavenumber (an
energy unit) as the horizontal axis.
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S1.3 Linear regression of chromophore fluorescence quantum yield and solvent properties

The method correlating fluorescence quantum yield (FQY) of a solute chromophore to various
solvent properties in this work was developed in our recent publications.”* The method is based
on the Kramer expression that describes the rate constant of an isomerization reaction using the

Arrhenius equation:

Kiso = P -exp (- 15 (549

where E, is the isomerization energy barrier. The pre-exponential factor F(n) is viscosity-

dependent and can be empirically expressed as:
F@)=C-n* (S5)

The isomerization energy barrier is generally dictated by solvent polarity so we can use E¥, the
normalized E; (30) scale, to model E
E, ~ EY (56)
As a result, the isomerization rate constant can be modeled through a linear relationship:
log(kis,) = A+ Ef + B -log(n) + log(ko) (S7)
where k represents the original rate constant of the chromophore without solvent interactions.
Since amino-HBDI has very low FQYs (10 * to 10%) in all the solvents used, k;, is approximately

equal to the overall nonradiative decay rate constant k,,,- (i.e., k;5, = k,,,-), which can be further

connected with FQY (¢) and the radiative decay rate constant k,.:

K,
¢ - km« + k-,- (Sg)
1 Knr

— 1= S9
% k, (S9)
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Because k, varies very slightly among solvents and is much smaller than k,,,- due to the miniscule

FQYs," k, can be treated as a constant and Equation S7 can thus be approximated as:

log (é - 1) — log(k,,) — log(k,) ~ A - EN + B - log(n) (S10)

The analysis (see Table S6 below for linear regression results) shows that both solvent polarity
and viscosity contribute to the observed solute FQYs. The larger amplitude for EY (A = 1.52)
compared to log(n) (B = —0.44) indicates that the solvent polarity dominates the chromophore
fluorogenicity in the low solvent viscosity regime.

To visually demonstrate the solvent dependence of the model chromophore’s fluorescence
properties, we define a single parameter (o) coupling both solvent polarity and viscosity to account

for the electronic and steric effects, respectively. We hereby term it the electro-steric parameter:
o=EY+B/A-log(n) (S11)

wherein the new coefficient B /A is obtained from the values A and B using linear regression of

Equation S10. The linear relationship then becomes

log (é— 1) = log (l;{”)fv Ao (S12)

which supports the largely linear plot in Figure 4A (main text) to manifest the intrinsic dependence
of the deprotonated amino-HBDI chromophore’s FQY on solvent properties. This line of inquiry

substantiates design strategies for improving amino-HBDI emission properties in protein matrix.

S1.4 Effects of H-bonding and n—n stacking interactions on the FSRS modes

As mentioned in main text, the E222H mutation is expected to rebuild the H-bonding chain with
S205 (or the -NH, group on the chromophore) in the vicinity of the protein chromophore. The
evidence is the protein mutant FQY increase and spectral blueshifts (both absorption and emission,
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see Figure S11) due to stabilization of the fluorescent state (design strategy 1 in Figure 4B, main
text). Meanwhile, T203H can form n—n stacking with the chromophore phenolate ring and add
steric hindrance to the chromophore isomerization by destabilizing the transition state, which is
corroborated by its increased FQY (design strategy 2 in Figure 4B). Further evidence for the
mechanisms that enable performance improvement of these two mutants can be provided from the
FSRS marker bands that are sensitive to H-bonding and/or n—r stacking interactions.

Notably, the two modes at ~1523 and 1365 cm ™' in aY-sfGFP exhibit H-bonding-dependent
frequency shifts in the mutants. We note that E222H presumably rebuilds an H-bond with S205
(see Conformation 2 in Figure S10B below) whereas T203H removes the original H-bond between
T203 and the chromophore phenolate end (see Figure 4C in main text). The effect caused by
T203H/E222H double mutation lies somewhere in between, similar to aY-sfGFP. The 1523 cm™
mode assigned to the phenolate C=C/C—C stretch (Table S4) exhibits a consistent trend with H-
bonding (see Figure S12 below): E222H (1527 cm™') > aY-sfGFP (1523 cm™') > T203H/E222H
(1519 cm™') > T203H (1518 cm '), reflecting the changes in electron density induced by H-
bonding, which can increase the phenolate-ring electron conjugation more effectively with an
adjacent H203. In contrast, the 1365 cm ' mode due to the phenolate and bridge H rock and
imidazolinone C—N stretch (Table S4) exhibits a somewhat different trend (see Figure S12): aY-
sfGFP (1365 cm ') > T203H (1360 cm™') > T203H/E222H (1357 cm™') > E222H (1353 cm ).
This interesting trend with H-bonding might be due to the delocalization nature of this Raman
mode that involves all the moieties (P and I rings, and methine bridge) of the chromophore
framework, which could display an increased sensitivity to electron conjugation with an adjacent
H222 that is located closer to the chromophore center than H203 (below the chromophore

phenolate on one side as illustrated in Figure 4C, as Conformation 2 in Figure 1D).%’
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Besides the frequency shift, the mode intensity in FSRS is more dramatically altered as the H-
bonding network varies in the engineered protein mutants. The three modes at ~1465, 1494, and
1523 cm™' manifest the same trend in intensity (Figure S12): E222H > aY-sfGFP > T203H/E222H >
T203H, which is in line with the aforementioned H-bonding-induced frequency shift of the 1523
cm ' mode. These three Raman modes all involve significant vibrational motions of the phenolate
moiety, indicating that n—m stacking interactions with an adjacent H203 can decrease the electric
polarizability (hence the smallest peak intensity in T203H) while H-bonding interactions with a
more distant H222 can increase the polarizabilities for these modes (Table S4). Notably, this trend
becomes opposite for the 1580 cm ' mode that mainly arises from the imidazolinone (I ring) stretch
motions. The same trend is also present in a few other low-frequency modes below 1000 cm ™' (see
Figure S12). These structure-sensitive results imply that H-bonding with the phenolate exerts
opposite effects on the vibrational modes mainly localized in phenolate and imidazolinone
moieties, particularly for the GFP-like chromophore with these two P and I rings conjugated via
an intervening methine bridge.*” As a result, the highly delocalized mode at 1628 cm ™' (across the
P and I rings, and bridge region; Table S4) shows no clear trend in intensity change with H-bonding,
which could be modeled via advanced theoretical and computational methods to further delineate
the contributions of H-bonding and n—n stacking interactions to the pre-resonance FSRS marker
bands in a heterogeneous protein matrix, also with strategic functional groups (H203 and/or H222

in this work) in engineered protein mutants with improved macroscopic functionalities.”"

S1.5 Further support for aY-sfGFP and its rational improvement
Notably, time-resolved electronic spectroscopy (fs-TA) results on aY-sfGFP yield a long-time

decay constant of 380 ps (see Figure S13A,B below) as the apparent fluorescence lifetime, which

S9



is similar to the reported 234 ps time constant for the red-shifted avGFP,'' substantiating the effect
of the amino substituent at the ortho-position of the phenolic hydroxyl (3-aminotyrosine) on the
GFP derivative by introducing faster nonradiative pathways in competition with the >3.0-ns
intrinsic radiative emission lifetime.'*"

Regarding protein design to improve properties, besides the desirable isosteric replacement of
E222 by H222, the pK, value of the basic aromatic ring of His-sidechain is ~6 that is higher than
that of Glu-sidechain (~4). We surmise that the higher pK, of histidine is probably the cause of the
observed higher FQY in the engineered aY-sfGFP-E222H mutant (see Figure 5A in main text).
Since E222 has a lower pK, and is deprotonated (i.e., being a glutamate) at pH 7.4, it cannot
directly form an H-bond with the sidechain oxygen of S205, whose sidechain hydroxy (hydrogen)
could directly form an H-bond with the -NH; group on the phenolate ring of the chromophore (see
illustration in Figure S10B below). The H222 residue, however, has a higher pK, and it may be
protonated to form an H-bond with S205, thus enhancing an H-bonding chain in proximity that
could better stabilize the fluorescent state of the deprotonated chromophore (see Figure 4B,
strategy 1 and pertinent discussions in main text). In essence, the comparable and finely tunable
physical properties of E/H222 allow for a suitable substitution that has been verified in GFP (PDB
ID: 4P1Q) by X-ray crystallography.”’ In contrast to glutamic acid that can undergo
decarboxylation (causing further disruption to the H-bonding network in the chromophore vicinity),
the non-photoconvertible histidine residue also enhances the overall protein stability. We note that
all the detailed information is provided herein to support major findings presented in main text,
which expands our fundamental knowledge of noncanonical RFPs through the in-depth
spectroscopic studies besides the demonstrated use of 3-aminotyrosine-modified biosensors (with

sufficient brightness, dynamic range, and responsiveness) for multiplexed imaging in live cells."*
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S2. Supplementary Figures
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Figure S1. Titration analysis for model chromophore amino-HBDI in aqueous solution. (A)
Chemical structure of amino-HBDI. (B) Steady-state electronic absorption spectra of amino-HBDI
in water at different pH values. The chromophore species associated with main absorption peaks
are labeled. (C) Titration curves of —NH;3'/~NH, (green/black) and —OH/-O~ (black/red) for
amino-HBDI. The two retrieved pK, values, pK, and pK,,, are marked by gray dotted lines and

denoted in the inset.

S11



A T i T T T T

absorption H,0
o 1+ SR MeOH ]
: SN
£ %\ -BuoH
o]
7] 2-PrOH
® ACN
o DMSO |
e DMF
= acetone
2 DCM
5 pyridine
Z

0 1 1
450 500
Wavelength (nm)
B T T T T T T
o 1
C
0]
5]
)
2
o
=]
o=
O
o]
N
©
£
[)
Z
0

600 650 700 750

Wavelength (nm)

500 550

Figure S2. Absorption and fluorescence spectra of anionic amino-HBDI in various solvents. The
amino-HBDI model chromophore was deprotonated by adding 0.05-0.1% DBU (1,8-
diazabicyclo[5.4.0]lundec-7-ene) in organic solvents except in water (with 1 mM NaOH). The
excitation wavelengths in various solvents can be found in Table S1 footnote below. In the solvents
of acetone, dichloromethane (DCM), and pyridine, amino-HBDI undergoes incomplete
deprotonation with the same amount of DBU added (as shown by shoulder peaks on the blue side
in panel A). The peculiar features to the blue and/or red sides of main emission peaks of amino-
HBDI in MeOH (orange), EtOH (dark yellow), and 1-PrOH (brown) in panel B are due to the

incomplete removal of the solvent scattering background from the miniscule solute emission band.
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Figure S3. Cyclic voltammetry and 0-0 transition energy of HBDI and amino-HBDI. Cyclic
voltammograms of 1 mM (A) HBDI and (C) amino-HBDI model chromophores measured in
acetonitrile. Both compounds were deprotonated by adding 0.1% DBU into the solution. The
asterisk denotes the first oxidation peak of each chromophore. Determination of the 0-0 transition
energy for (B) HBDI and (D) amino-HBDI in acetonitrile by crossing the reduced absorption (red
solid) and emission spectra (red dashed) (see Section S1.2 above). The absorption and emission
peak maxima are indicated in black. The excitation wavelengths used to record the fluorescence
spectra are 440 nm for HBDI and 480 nm for amino-HBDI. The crossing point corresponding to a
reasonable estimate of the 0—0 transition energy is circled and shown in red number with the unit

of nanometer (nm, see top axis in panels B and D).
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Figure S4. Calculated frontier molecular orbital energies for HBDI and amino-HBDI. The HOMO
and LUMO energies were calculated at both the geometrically optimized ground (Sy, dashed line)
and excited (S, light solid line) states of anionic HBDI (green, left panel) and amino-HBDI (red,
right panel) as model chromophores for the corresponding proteins. The Sy (S;) calculations were
performed at the DFT (TD-DFT)/B3LYP functional level with 6-311G+(d,p) basis sets for the two
deprotonated chromophores with acetonitrile as bulk solvent. Such economical and representative
calculations can capture the qualitative trend for the electronic state energy shifts. We note that the
vertical energy gaps shown here (AE, 0—0 transition) were obtained from the crossing points of
normalized reduced experimental absorption and emission spectra (see Section S1.2 above) for the

HBDI and amino-HBDI model chromophores in acetonitrile, respectively (Figure S3B,D).
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Figure SS. Calculated Raman spectra for HBDI and amino-HBDI. The experimental spectra
(color-shaded) were obtained for the anionic HBDI (A, green) and amino-HBDI (B, red) in basic
aqueous solutions (same as Figure 3). The theoretical spectra (black lines) were calculated for Sy
at the DFT/B3LYP/6-311G+(d,p) functional level/basis set with water as the solvent and scaled
accordingly (listed in the inset) to achieve the optimal match with experimental data. The overall
match in mode frequencies and intensities supports the validity of such calculations in aiding the
vibrational mode assignment and chromophore identification with the experimental spectra,

without the crucial need for advanced expensive calculations involving explicit protein residues.
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Figure S6. Effects of the phenolate substitution on HBDI vibrational modes. (A) Resonance
conditions of the ground-state FSRS for this series of HBDI model chromophore derivatives. The
Raman pump wavelengths (vertical dashed lines, R,,) were selected to achieve pre-resonance
condition according to the absorption profiles. (B) Ground-state FSRS spectra for the series of
singly substituted (R groups color-coded) HBDI derivatives at the phenolate ring.”"> All the
spectra were collected using our FSRS setup on the Stokes side. Gray vertical lines mark the
similar Raman modes with different substituents. All the HBDI derivatives were deprotonated with

0.02-0.05% (v/v) DBU in acetonitrile. The star denotes the solvent peak contamination.
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Figure S7. Effects of the imidazolinone substitution on HBDI vibrational modes. (A) Resonance
conditions of ground-state FSRS for this series of HBDI model chromophore derivatives. The
Raman pump wavelengths (vertical dashed lines, R,,) were selected to achieve pre-resonance
condition according to the absorption profiles of chromophores. (B) Ground-state FSRS spectra
for the series of singly substituted (R’ groups color-coded) HBDI derivatives at the imidazolinone
ring.>'*"” All the spectra were collected on the Stokes side. All the HBDI derivatives were
deprotonated with 0.02—0.05% (v/v) DBU in acetonitrile. The spectral differences due to various
substituents are apparent, highlighted by gray vertical lines with labeled peak frequencies for two
marker bands probing the conjugation extension at the imidazolinone end. The relevant spectral

comparisons can be found between aY-sfGFP (Figure 3D) and mApple (Figure 3E) in main text.
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Figure S8. Calculated Raman spectrum and characteristic vibrational modes for mApple. (A)
Comparison of the calculated and experimental spectra for mApple in pH 7.4 tris buffer. The
spectrum was calculated for Sy at DFT/B3LYP/6-311G+(d,p) functional level/basis set with water
as solvent and frequency-scaled to achieve the optimal match with experimental spectrum. (B)
Calculated vibrational motions for two characteristic modes of the mApple chromophore. C, gray;

nitrogen, blue; oxygen, red; sulfur, yellow; hydrogen, white. Atomic displacements: cyan arrows.

S18



—— Conformation 1

—— Conformation 2

Normalized Raman intensity
[
|

iy

1600

0 600 800

1000 1200 1400
Calculated Raman frequency (cm‘1)

Figure S9. Calculated Raman spectra for two conformers of the deprotonated amino-HBDI. The
spectra of chromophores in the electronic ground-state (Sy) were calculated at the DFT/B3LYP/6-
311G+(d,p) functional level/basis set with implicit water as solvent (IEFPCM default method, see
Section 3.4 Computational Methods in main text). The frequency scaling factor was not applied
for a direct comparison between the two calculated Raman spectra in association with two

conformations of the deprotonated amino-HBDI chromophore (see Figure 1B,D in main text).
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Figure S10. Illustrative chromophore conformations inside aY-sfGFP. The amino group was
directly added in PyMOL without any geometric optimization for the main purpose of illustrating
changes in distance between the amino group and local residues. The measured distances are based
on the crystal structure of sfGFP (PDB ID: 2B3P)."® The H-bonding interactions and their bond
lengths in sfGFP are labeled by yellow dashed lines. Several polar interactions between the specific
amino group and local residues are indicated by magenta dashed lines with distances measured by
PyMOL for Conformation 2 (panel B) but not applicable for Conformation 1 (panel A).
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Figure S11. Absorption and emission spectra of aY-sfGFP and its mutants. The proteins were all
measured in pH 7.4 tris buffer. The emission spectra were obtained with 510 nm excitation. Inset

table displays the spectral peak maxima (in nm unit) and fluorescence quantum yields (FQYSs) for

aY-sfGFP and its lab-engineered mutants (also see Table 2 in main text).
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Figure S12. Ground-state FSRS spectra for aY-sfGFP and its mutants. (A) Overlaid and (B)
stacked spectra show the difference in mode intensity (purple) and frequency (brown) among aY -
sfGFP (black) and its mutants (E222H, blue; T203H, red; T203H/E222H, green). All the proteins
were measured in pH 7.4 tris buffer. Pronounced Raman peak frequencies are labeled in panel B.
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Figure S13. Transient absorption spectra and global analysis of aY-sfGFP and its mutants. All the
proteins were measured in pH 7.4 tris buffer. The white rectangular boxes in 2D-contour plots
(panels A, C, E, and G) denote light scattering around laser excitation wavelengths. The retrieved
time constants (color-coded and listed in the insets) retrieved from global analysis with evolution-
associated difference spectra (EADS) of the corresponding femtosecond transient absorption (fs-
TA) spectra are shown in panels B, D, F, and H for aY-sfGFP, T203H mutant, E222H mutant, and
T203H/E222H double mutant, respectively. The nanosecond (ns) component is bolded (green).
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Figure S14. Comparison of the extinction coefficients for sftGFP, aY-sfGFP and its mutants. The
electronic absorption spectra are normalized at ~280 nm (marked by the gray asterisk) for a direct
comparison between the extinction coefficients of various protein samples in pH 7.4 buffer
solution. The significant decrease and notable increase of the absorption peak intensity above 500
nm versus that in aY-sfGFP (black) is conspicuous in the T203H/E222H double mutant (green)
and E222H single mutant (blue), respectively. The much bluer absorption peak at ~488 nm of the
unsubstituted sfGFP with an intermediate intensity (cyan) provides a valuable contrast for aY-
sfGFP and its selective stable mutants. Based on the relative peak intensity ratios in the visible
region, the extinction coefficients for the deprotonated chromophores of aY-sftGFP-E222H and
T203H/E222H mutants are estimated to be ~143000 and 27600 M ' cm ™', respectively, according

to the literature value of ~125100 M ¢cm™! for aY-sfGFP.'*
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S3. Supplementary Tables

Table S1. Photophysical properties of amino-HBDI in various solvents

Solvent properties A 2
Solvent o ; ; ” o (narl;ls) (nrirs ¢ ((;l) X (1-0)/$°
H,0O 1.000 1.17 0.40 1.09 1.00 453 650 0.014 7004
MeOH 0.762  0.93 0.62 0.60 0.55 463.5 585 0.037 2725
EtOH 0.654 0.83 0.77 0.54 1.20 478 592 0.071 1415
1-PrOH 0.617 0.84 0.90 0.52 2.26 482.5 566.5 0.097 1029
1-BuOH 0.586 0.84 0.84 0.47 2.95 485 569 0.113 882
2-PrOH 0.546 0.76 0.84 0.48 1.96 490 569 0.089 1128
ACN 0.460 0.19 0.31 0.66 0.37 498.5 575 0.045 2218
DMSO 0.444 0 0.76 1.00 2.00 514 592 0.133 750
DMF 0.386 0 0.69 0.88 0.92 503 589 0.114 880
acetone 0.355 0.08 0.48 0.62 0.32 486 572 0.108 929
DCM 0.309 0.30 0 0.73 0.43 471 558 0.124 804
pyridine 0.302 0 0.64 0.87 0.95 493 583 0.247 404

“The chromophore was deprotonated by adding 0.05-0.1% DBU (1,8-diazabicyclo[5.4.0Jundec-
7-ene) except that it was deprotonated in aqueous solution with 1 mM NaOH.? The focus on the
deprotonated model chromophore in solution stems from the same protonation state of the
embedded chromophore in the protein matrix (e.g., aY-sfGFP in this work).

bViscosity is in the unit of centipoise (cP, 1 cP = 1 mPa-s) at room temperature (20 °C).

“ The excitation wavelengths used for recording the fluorescence spectra are 450 nm for (amino-
HBDI in) water, MeOH, and DCM, 460 nm for EtOH and 1-PrOH, 470 nm for 2-PrOH, 1-BuOH,
acetone, and pyridine, 480 nm for ACN and DMF, and 500 nm for DMSO (see Figure S2 above).
Y The fluorescence quantum vyield (¢) was measured using the relative approach. The 4-
(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM) dye in ethanol was
used as the standard."*’

“The common logarithm (to the base 10) of the experimentally obtained values [(1-¢)/¢] listed in
this column for the deprotonated amino-HBDI chromophore in a series of solvents is plotted in
Figure 4A (main text). The associated equations (see Equations S10 and S12 in Section S1.3 above)

are listed therein.
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Table S2. Calculated properties for deprotonated HBDI and amino-HBDI in acetonitrile®

Aaps/ eV (nm) Aem /€V (nm) 0-0 transition/eV
Chromophore
expt. calc. expt. calc. expt. cale. (Sp) ¢ calc. (S1)¢
2.69 2.94 2.48 2.49
HBDI 2. . .
(461) (421) (500) (497) 59 301 2.82
. 2.48 2.67 2.16 2.09
amino-HBDI (499) (465) (575) (592) 2.35 2.66 2.44

“Quantum calculations were performed using the DFT or TD-DFT method with B3LYP functional
and 6-311G+(d,p) basis sets for the electronic ground or excited-state anionic chromophores in
acetonitrile as bulk solvent. The economical calculation method was used to focus on a qualitative
prediction of the energy shift trend between these two model chromophores, also as a generally
accessible computational method for experimental spectroscopic groups. The electronic absorption
(abs.) and emission (em.) energy in eV unit is accompanied by the corresponding peak wavelength
in parentheses. In the calculated emission, the LUMO-HOMO transition contributes 100%; while
in the calculated absorption, the HOMO-LUMO and (HOMO-1)-LUMO transitions contribute
~98% and 2%, respectively. As further support, when a different functional/basis set is used such
as PBE(O/def2-TZVP, the HOMO-LUMO transition contributes 100% to absorption, while the 100%
contribution of LUMO-HOMO transition to emission remains the same. Therefore, the

consideration of frontier molecular orbitals in this context is sufficient.

? Calculated 0-0 transition gap was taken as the energy difference between HOMO and LUMO.
The experimental 0-0 transition gap was obtained from the crossing point of the reduced
absorption and emission spectra (see details in Section S1.2 and Figure S3B,D with the energy

units also shown above).

“Obtained at the optimized Sy geometry, corresponding to the color-coded dashed lines in Figure

S4 above.

¢ Obtained at the optimized S; geometry, corresponding to the color-coded light solid lines in

Figure S4 above.
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Table S3. Vibrational mode assignments for HBDI and sfGFP“

—1\b
D e () Calc._t;recq. Vibrational normal mode motions “
sfGFP | ®HBDI | (M)
506 522 515 P(B), I(3c-n)
620 612 604 I(8c-u, B), P(B)
699 722 723 I(B, 8c-n), P(B)
768 769 765 1(0), P(B)
849 853 840 P(0)
918 937 934 I(8c-1, B), B(pc-n)
1014 1036 1037 I(3c-n, B), B(pc-1), P(pc-n)
1169 1169 1177 P(pc-n)
1242 1244 1252 P(ve-c, pc-u), B(pc-n), 1(8c-1)
1261 1272 1263 P(pc-n), B(pc-n, Ve-c), I(Sc-n)
1301 1308 1299 I(ven, B, dc-n), P(pc-u), B(pc-u)
1367 1370 1370 P(pc-n), B(pc-n), I(ve, Sc-n)
1464 1441 1457 I(8c-#, Vo), P(pc-n)
1500 1504 1508 P(vc-0, pc-n), B(ve-c, pe-n), 1(8c-n)
1544 1558 1553 P(ve-c, Ve-o, pe-n), B(ve-c, pe-n), I(8c-n, Vens Ve-o)
1578 1585 1591 I(ve=n, 8¢, Ve=0), P(pc-n, Ve=c)
1627 1634 1631 P(ve-c), B(ve-c, pe-n), I(ve-o)

“HBDI and sfGFP chromophores are deprotonated in basic aqueous solution and pH 7.4 tris buffer,
respectively. Ground-state FSRS spectra are plotted in Figure 3A and B, respectively (main text).

" Prominent frequency shifts due to the absence of —CHj; groups at the imidazolinone ring in sSfGFP

(due to two anchoring points to the protein backbone, see Figure 1C) are indicated in red.

“The calculated frequencies for anionic HBDI were scaled by 0.99 and unscaled for modes above
and below 1215 em ™, respectively (Figure S5A). Details for the computational methods on the

deprotonated model chromophores in solution can be found in Experimental section (see above).

4 Abbreviations for (1) structural moieties: P (phenolate ring), I (imidazolinone ring), B (methine
bridge); (2) characteristic vibrational motions: v (stretching), 6 (bending), p (in-plane rocking),
B (ring deformation), o (ring breathing), t (out-of-plane twisting/wagging). The bending motions
of —CHj3 groups that are present in HBDI but absent in sfGFP are highlighted in blue. The largely
unshifted modes at ~1242, 1367, and 1500 cm™" are likely due to insignificant §c—y contributions.
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Table S4. Vibrational mode assignments for amino-HBDI and aY-sfGFP“

—1\b
e Calc._t;recq. Vibrational normal mode motions
aY-sfGFP | amino-HBDI | (™)

485 492 489 B(tc-n), I(3c-n), P(tc-n)

588 592 602 P(Tcn, Tn-n)> B(Te-n), 1(8c-n)

624 618 616 I(Sc-n, B), P(B)

693 717 717 1(5¢ 11, B), P(tnont, Te, B)

740) 748 740 P(tc-u, Tn-ns B), 1B, 8c-n)

774 778 762 P(Tcn, Tn-n)

914 928 921 I8¢, B), B(pc-n), P(pc, B)

1016 1036 1035 I(3c-u, B), B(pc-n), P(pc-1, pn-1)
1162° 1151 1158 P(pc-n, px-n), B(pc-n), 1(3c-n, P)
1245 1246 1250 P(pc-u, pn-n), B(pe-n, vec) , 1Bc¢-n)
1280° 1272 1268 P(ven, Voo, pe-n, pa-n), B(pen), I8cu, B)
1300 1305 1297 I(ven, B, 8c-n), P(pc-u, pn-n), B(pc-n)
1365 1366 1374 P(pc-n, pn-n)s B(pcn), I(ven, 6c1)

1465 1457 1448 I(3c-1, Vo), P(PN-1, pc-n)

1494 1492 1492 P(ve=c, V-0, pe-n, Pn-n), B(pe-n, ve=c), 1(8c-n)

1523 1526 1509 P(vc=c, Ve, pPN-1, Pc-1)

b 1557 1555 I(vex, Ve-0, 8c-1), P(ve=c, Ve-0, Ven, pe-n), B(Vee, pe-n)
1580 1590 1586 I(ve=n, 8c-n, Ve=0), P(pn-1, Ve, pe-n)
1628 1628 1622 P(Ve=c, pe-ns pn-n)s B(ve=c, pe-n), I(ve-o)

“ Amino-HBDI and aY-sfGFP chromophores are deprotonated in basic aqueous solution and pH
7.4 tris buffer solution, respectively. The associated ground-state FSRS spectra are plotted in
Figure 3C and D, respectively (see main text).

’ Prominent frequency shifts due to the absence of —CHj3 groups at the imidazolinone-ring end in
aY-sfGFP are indicated in red. The mode in aY-sfGFP that corresponds to the 1557 cm™' mode in
amino-HBDI has very weak intensity.

“The calculated frequencies for the anionic amino-HBDI are scaled by 0.985 and not scaled for
modes above and below 1260 cm™', respectively (see Figure S5B).

“ Abbreviations for (1) structural moieties: P (phenolate ring), I (imidazolinone ring), B (methine

bridge); (2) characteristic vibrational motions: v (stretching), 6 (bending), p (in-plane rocking), B
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(ring deformation), o (ring breathing), T (out-of-plane twisting/wagging). The bending motions of
—CHj3; groups (absent in aY-sfGFP) in amino-HBDI are highlighted in blue. The largely unshifted

modes at ~1300, 1365, and 1494 cm™' are likely due to insignificant §c-y contributions.

“The modes with significant —-NH, (i.e., the key substituent in this work) motions at 1151/1162,
1246/1245, and 1272/1280 cm™' of amino-HBDI/aY-sfGFP are highlighted by magenta boxes
(also shown in Figure 3, main text), besides some other low-frequency modes below 1000 cm .
In terms of the vibrational motion similarity, the 1246 cm™' mode of amino-HBDI resembles the
1272 cm ™' mode of HBDI (see this table vs. Table S3 above) apart from the P-ring N-H rocking
component. Meanwhile, the 1272 cm ™' mode of amino-HBDI resembles the 1244 cm ™' mode of
HBDI apart from the P-ring C—N stretching and N-H rocking components. In addition, we note
that the 1151 cm™' mode of amino-HBDI is not the same normal mode as the 1169 cm™' mode of
HBDI despite the proximity of their frequencies. Such composition changes of normal modes due
to the —-NH, substitution make these modes unsuitable as clear indicators or probes for the effect
of P-ring (amino)-substitution. Aside from these modes, other modes with no clear involvement
of the —NH,; vibrational motions show rather small effects by the P-ring substitution. Therefore,
we used the I-ring-associated modes that are more sensitive to the I-ring substituent (e.g., N-
acylimine) as an effective chromophore structural probe (see Table S5 below, and more relevant

discussions in main text).
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Table SS5. Vibrational mode assignments for mApple*

E)((fr;_i;r)ebq. C?i;_t;r)ecq. Vibrational normal mode motions “
623 619 (3¢, B), P(B)
652 638° Al(Te-x, 0c-n), I(Te=n, Ten), P(Ten), B(Tc-n)
840 839 P(0), I(B)
1181 1187 AlI(Sc-n), P(pc-n), B(pc-n), I(B, c-n)
1263 1264 I(ven, Ve e, c-n), P(pc-n), B(pc-n), AI(S¢-n)
1338 1345 I(ven, ve-c, 8c-u), P(pc-u), AL(8c-n)
1361 1367 P(pc-u, vc-o), B(pc-n), I(ven, 0c-u), Al(8c-n, Ve-c)
1412 1423 P(vc-o, pc-n, B), B(vec, pc-n), I(ven, 3c-n)
1486 1477 P(vec, vec, pc-n), I(ve=n, 8c-u), Al(8c-n)
1523 1526 P(vc-o0, pc-n), B(ve-c, pc-n), I(vec)
1572 1571 P(vc=c, pc-n, Ve=0), B(vec, pe-n), I(ven, Ve=0)
1615 1619 Al(ven), P(Ve=c, pc-n), I(vc=0), B(vc=c, pc-n)
1642 1667 ¢ Al (Vex, Ve-0), I(ve-o)

“The chromophore of mApple is deprotonated in pH 7.4 tris buffer solution.

?Frequency values were taken from the ground-state FSRS data (see Figure 3E in main text).

“The calculated normal mode frequencies for the anionic chromophore were scaled by 0.985 and

unscaled for modes above and below 1250 cm™', respectively (see Figure SSA).

“ Abbreviations for (1) structural moieties: P (phenolate ring), I (imidazolinone ring), B (methine
bridge), and AI (N-acylimine) (see the anionic chromophore with extended electronic conjugation
at the I-ring side with the N-acylimine/C=N—C=0 moiety in Figure 3E inset); (2) characteristic

vibrational motions: v (stretching), & (bending), p (in-plane rocking), B (ring deformation), o (ring

breathing), and t (out-of-plane twisting/wagging).

“Pertinent vibrational normal modes for these experimentally observed marker bands (frequencies

bolded) are shown for the DsRed-like mApple chromophore (MYG, with the sulfur-containing
21,22

sidechain)

with the atomic displacements depicted in Figure S8B.
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Table S6. Linear regression of molecular parameters for amino-HBDI“

Coefficients value” p-value® R? value”
a 1.5 0.0003
b -1.4 0.0081
Absorption 0.85
p 0.3 0.5556
Vo 20.5 2.2x1071°
a -0.9 0.0055
b —0.3 0.3862
Emission 0.83
p -2.9 0.0004
Vo 19.8 1.8x107"°
A 1.52 4.2x107°
Knr
log . B —0.44 0.0014 0.92
T
Intercept 2.27 9.9x10°'°

“The deprotonated model chromophore was measured in solution (see Table S1).

®The values of the coefficients (a, b, p,vy) are in the unit of 10° cm™'. In the last three rows, the
values of the coefficients (4, B) and intercept from linear regression analysis using the decay rate

constants (i.e., taking the logarithm of a ratio to the base 10) are unitless.

“The linear regression was analyzed and interpreted at the 95% confidence level. The p-values less

than 0.05 are bolded (except for the intercepts that are always significant in the regression analysis).

“The decent (close to 1) coefficient of determination (R?) substantiates the physical and statistical
significance of the linear regression analysis performed hereby for steady-state electronic spectral
properties (absorption and emission peak energies from Table S1 for the anionic/deprotonated
amino-HBDI in a variety of solvents) and time-resolved electronic dynamics (characteristic decay
time constants derived from the FQY measurements, see Section S1.3 above) of the main model

chromophore in this work.
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