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ABSTRACT. Biosensors have become an indispensable toolset in life sciences. Among them,
fluorescent protein based biosensors have great biocompatibility and tunable emission properties,
but their development is largely trial and error. To facilitate rational design, we implement tunable
femtosecond stimulated Raman spectroscopy (FSRS), aided by transient absorption and quantum
calculations, to elucidate the working mechanisms of a single-site Pro377Arg mutant of an
emission ratiometric Ca*" biosensor based on a GFP-calmodulin complex. Comparisons with the
parent protein and the Ca*'-free/bound states unveil more structural inhomogeneity yet an overall
faster excited state proton transfer (ESPT) reaction inside the Ca*"-bound biosensor. The correlated
photoreactant and photoproduct vibrational modes in the excited state reveal more chromophore
twisting and trapping in the Ca**-bound state during ESPT, and the largely conserved chromophore
dynamics in the Ca*'-free state from parent protein. The uncovered structural dynamics insights
throughout an ESPT reaction inside a calcium biosensor provide important design principles in
maintaining a hydrophilic, less compact, and more homogeneous environment with directional H-
bonding (from the chromophore to surrounding protein residues) via bioengineering methods to

improve the ESPT efficiency and quantum yield while maintaining photostability.



I. INTRODUCTION

Biosensor technology creates powerful tools to probe and understand complex biological
processes in real time, which has greatly advanced bioimaging and life sciences.'® Among them,
fluorescent protein (FP) biosensors utilize the photosensitive FP unit as part of a nanomachine to
image cellular components of interest due to their high signal-to-noise ratios, biocompatibility,
versatile engineerability, and tunable emission properties that span the UV to visible range. The
large Stokes shift between absorption and emission of the FP-based biosensors stems from excited
state proton transfer (ESPT) that allows the protein chromophore to relax to a lower energy state
before radiative emission. Therefore, ESPT is a crucial step in governing their main functions, "'
which represents an archetypal biomolecular system to reveal the structure-function relationships
on their intrinsic time scales. By understanding the ESPT reaction and competing pathways on the
native femtosecond (fs) to picosecond (ps) time scales, one can rationally suggest specific single
or multi-site mutations in tailoring new FPs and FP-based biosensors for advanced applications.
The fundamental knowledge about how a chromophore interacts with its local environment inside
a protein matrix also affords a rare opportunity to investigate conformational states and dynamics,
energy relaxation pathways, and key atomic motions when a bioluminescent complex is in action.

In this study, we synergistically implemented the tunable femtosecond stimulated Raman

%1% transient absorption (TA), and quantum calculations" to uncover the

spectroscopy (FSRS),
effects of a single-site Pro377Arg (P377R) mutation of a parent green fluorescent protein (GFP)
based calcium biosensor GEM-GECO1 (GECO stands for genetically encoded calcium indicator

for optical imaging).'®"’

The integral platform of electronic and vibrational spectroscopies, aided
by normal mode assignment using computational chemistry methods, enables us to reveal the

structure-energy-function relationships of a biomolecular system on the basis of time-resolved



spectra starting from the time zero of electronic excitation. For the recently engineered GECO
series, this platform has been proven effective in dissecting the fluorescence mechanisms.'”>°
Since calcium ions play essential regulatory roles in cellular systems from gene expression,
metabolism, hormone release, neuron firing, muscle contraction, to pathology, the importance to
develop better calcium biosensors cannot be overstated. These fluorescent biosensors consist of a
circularly permuted GFP (cpGFP), an adjacent calmodulin (CaM) subunit and a chicken kinase

M13 peptide as its binding client.*'°

The cpGFP, unlike wtGFP, has an opening in the (-barrel
that exposes the phenolic end of the embedded serine-tyrosine-glycine (SYG) chromophore to the
environment. During directed evolution,'® one residue stands out to be crucial for blue emission
from the Ca”"-bound biosensor: Pro377 in the CaM subunit that largely shields the p-barrel
opening and inhibits ESPT from the cpGFP chromophore. On the basis of a previous report that
the Pro377Arg (P377R) mutation converts the parent biosensor from green-blue emission
ratiometric to green excitation ratiometric,' the elucidation of fluorescence modulation
mechanisms of this engineered calcium ion (Ca®") biosensor requires a much improved sensitivity
to track the photoproduct species I* after excitation of the photoreactant species A* in different

local environments, induced by the Ca®’-binding events at allosteric sites away from the
y g y

photosensitive chromophore (see Figure 1 for illustration).



Biosensor interior

Figure 1. Protein structural illustration of the Ca®'-free (cyan) and bound (magenta) GEM-
GECO1-P377R calcium biosensor. The four Ca*" ions bound to each biosensor are represented by
yellow spheres. The SYG chromophore (CRO) and interfacial R377 residue (black dashed ellipse)
are highlighted in the enlarged windows (lower panels), depicting the relative positions,
orientations, and distances between the CRO phenolic oxygen in cpGFP (green) and R377
guanidinium carbon in the CaM (orange) subunit that notably change upon Ca*" binding. The

chemical structures of the protonated (pro.) and deprotonated (dep.) chromophores are also shown.

Given the photoresponse of the biosensor spanning multiple time scales, femtosecond transient
absorption (fs-TA) is an effective first step to bring the steady-state electronic spectroscopy (e.g.,
UV/Visible absorption and fluorescence) into the time domain and starting from the time zero of

photoexcitation. The excited-state electronic dynamics such as excited state absorption (ESA,



S1—8S,), stimulated emission (SE, S;—Sy), and ground state bleaching (GSB) provide a holistic
picture of the potential energy surface (PES) involving the excited or relaxed chromophore in its
microenvironment.”' In practice, FSRS can be readily achieved in the same setup as fs-TA by
incorporating an additional picosecond (ps) Raman pump to stimulate a Raman scattering process
in a resonantly or pre-resonantly enhanced excited state population (sometimes even at off-
resonant conditions but with a reduced signal-to-noise ratio), tracking the vibrational dynamics of
interest.'®*** Conventional FSRS spectrally filters the 800 nm laser output as Raman pump to
overlap with a broad ESA band of FPs, enhancing the photoreactant in S;.'”!” Tunable FSRS
expands research capability by positioning the Raman pump across a wide range so transient

18,19,24,25

excited state species can be selectively enhanced on molecular time scales. In comparison

2628 the main experimental observables for FPs and FP-

to the time-resolved IR studies on proteins,
based biosensors in tunable FSRS are the vibrational dynamics of the chromophore immediately

following electronic excitation, which underlie the protein main function in emitting light.

II. MATERIALS AND METHODS

A. Protein sample preparation. The GEM-GECO1-P377R biosensor (referred as P377R)
sample was synthesized according to previously reported procedures, which started with E. coli
DHI10B cells (Invitrogen) transformed using the pTorPE plasmid with 6-histadine-tagged GEM-
GECO1 protein.'*"” For the P377R mutation, synthetic DNA oligonucleotides (Integrated DNA
Technologies) and QuikChange Lighting Single kit (Agilent Technologies) were used. The final
P377R protein samples were prepared in pH=7.2 MOPS buffer solution with 10 mM EGTA (Ca*"-
free) and 10 mM Ca-EGTA (Ca*"-bound). The steady-state electronic absorption and emission
spectroscopy is performed at room temperature using a Thermo Scientific Evolution 201 UV-

Visible (UV-Vis) and a Hitachi F-2500 fluorescence spectrophotometer, respectively.



B. Femtosecond transient absorption (fs-TA). Our ultrafast laser source originates from a
regenerative amplifier (Legend Elite-USP-1K-HE) seeded by a mode-locked Ti:Sapphire
oscillator (Mantis-5, Coherent, Inc.). The fundamental pulse (FP) at 800 nm has ~35 fs duration,
~4 mJ energy, and 1 kHz repetition rate. About 75 mW of the FP goes through a -barium borate
(BBO) crystal for second harmonic generation to obtain the 400 nm pulse, followed by temporal
compression using a prism pair (Suprasil-1, CVI Melles Griot). Its intensity is attenuated to ~0.2
mW to act as the actinic pump. About 25 mW of the FP passes through a pinhole and a neutral
density filter before being focused on a 2-mm-thick Z-cut sapphire plate to generate a
supercontinuum white light (SCWL) as the probe (ca. 430—700 nm).'®* The P377R sample
concentration was made to reach OD=1/mm at 400 nm (also for femtosecond Raman measurement,
see below). The protein biosensor solution was housed in a 1-mm-pathlength quartz flow cell (48-
Q-1, Starna Cells) using a peristaltic pump, to minimize photodamage of the sample as well as
reduce thermal effect during data collection. The pump and probe pulses focus at the sample while
the time delay (up to 600 ps in this work) between them is regulated by a motorized delay stage
(NRT150, Thorlabs, Inc.) where the pump beam traverses. We also performed a TA measurement
with a compressed probe using a chirped mirror pair (DCM-9, 450—950 nm, Laser Quantum, Inc.).
With the reduced pulse duration to ~50 fs, the main dynamics of interest remain unchanged, yet
the bluer ESA region (see Figure 2b below) gets cut off due to the DCM-9 optical coating.
Therefore, the fs-TA data in Figures 2b and 3 in main text were collected without the chirped
mirror pair to analyze the broader spectral region and compare the excited state proton transfer

(ESPT) dynamics on the ps or longer time scales.

C. Tunable femtosecond stimulated Raman spectroscopy (FSRS). The recently developed

tunable FSRS setup in our laboratory has been reported.***** In brief, half of the aforementioned



laser FP is used to power the fs actinic pump, the picosecond (ps) Raman pump, and the fs Raman
probe. The tunable (~480—750 nm) Raman pump is achieved by a two-stage ps noncollinear
optical parametric amplifier (NOPA), pumped by a ps 400 nm pulse out of a homebuilt second
harmonic bandwidth compressor (SHBC)." Based on the electronic profiles of P377R biosensor,
we tuned the Raman pump to 553 nm (~4 uJ, ~2 ps duration) to achieve pre-resonance condition
with both the photoreactant and photoproduct TA bands while keeping the 400 nm actinic pump

% to compare with conventional FSRS wherein the 800 nm Raman

(0.1—0.2 uJ pulse energy),’
pump was used.™" A control experiment using a 580 nm Raman pump led to a much reduced
signal-to-noise ratio for the deprotonated chromophore species of interest, hence confirming the
advantage of using the 553 nm Raman pump for pre-resonance Raman enhancement.”?* The fs
broadband probe (ca. 560—630 nm) is generated by focusing ~2 pJ of the FP onto a 2-mm-thick
sapphire plate (see above) and selecting the target region from the SCWL. All three incident pulses
are focused to overlap at the sample spot in a 1-mm-pathlength flow cell (see above) that ensured
sample integrity during a typical FSRS experiment lasting for ~2.5 hours. The FSRS signal
collinear with the Raman probe is dispersed by a 1200 grooves per mm grating at 500 nm blaze in
a spectrograph (Acton SpectraPro SP-2356, Princeton Instruments) before being imaged on a CCD
array camera (PIXIS:100F, Princeton Instruments). Fifteen excited-state data sets were collected
and within each data set, 1500 stimulated Raman spectra were averaged at each time delay point
(>75 time points across the detection time window of 600 ps) by the LabVIEW custom-made suite
of programs. The UV/Vis spectra were checked before and after the excited state TA and FSRS

experiments with 400 nm pump to confirm the sample integrity (i.e., within 5%/10% spectral

difference for the Ca*"-free/bound P377R absorption profile, see Figure 2a for example).



II1. RESULTS AND DISCUSSION

To achieve a high contrast for Ca® imaging, a ratio of excitation ratios can be taken due to the
small deprotonated (B form) absorbance in the Ca**-bound state (Figure 2a). Using conventional
FSRS, the hydrophilic Arg377 was found to create a less homogeneous chromophore environment
inside the Ca**-bound biosensor with A* decay time constants of ~16 and 90 ps, which differ from
the single time constant of 36 ps in the Ca*'-free biosensor.'” However, an important question
regarding the biosensor mechanism remains: which characteristic nuclear motions respond to the
key single-site mutation that alters the photochemical reaction pathways and outcomes? Such
mechanistic insights require a structural dynamics technique that can track transient molecular
species during (not just before and after) a photoinduced process.'* The main experimental
evidence to support any rational design principles need to include the site-specific information on
molecular time scales, which typically span the fs to ps range when primary structural events occur

and govern the molecular fate as well as the “downstream” macroscopic functions of interest.'*' "’
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Figure 2. Electronic spectroscopy of the P377R biosensor in aqueous buffer solution. (a)
Normalized steady-state absorption (violet) and emission (green) spectra of the Ca>" free (solid)
and bound (dashed) states. The protonated and deprotonated chromophore is denoted by A and B,
respectively. (b) Fs-TA spectra at 250 fs (blue) and 150 ps (red). The actinic pump was set to 400
nm (vertical magenta line). The main SE band and a prominent red shoulder are marked by the
vertical dashed and dash-dotted lines, likely indicative of vibronic coupling. The evolution from

the A* SE peak at ~478 nm (blue dip) to the I* SE peak at ~510 nm (red dip) is apparent.

A. Steady-State Absorption and Fluorescence Spectroscopy. Figure 2a displays the steady-
state absorption and emission spectra that are reminiscent of a GFP chromophore except that the
B form has a much smaller contribution in the biosensor than wtGFP.”*'® A 400 nm actinic pump
was selected for TA and FSRS to effectively pump the dominant A form. Interestingly, the Ca*'-
bound biosensor shows an increased B absorption peak at ~480 nm and also an increased A*
emission peak at ~460 nm which indicates structural inhomogeneity in the ground and excited

state,”’30

while its absorption and emission peaks (392 and 506 nm) are both blue shifted from the
Ca*'-free counterparts (399 and 512 nm). Such a blue shift of electronic features upon Ca** binding
is commonly observed in the GECO family, likely due to an increase of electrostatic interaction
stabilizing the photoacidic chromophore better in the ground state (So) than that in the excited state
(e.g., S1) with a reduced dipole after the photoinduced ultrafast intramolecular charge transfer

. . 16,17,19,31-33
across the chromophore two-ring conjugated system.'®!"!*

B. Time-Resolved Electronic Spectroscopy. Upon 400 nm excitation, Figures 2b and 3
provide clear evidence that some chromophore Sy populations reach a transient S; state, and the

initial protonated photoreactant (A*) converts to a deprotonated photoproduct (I*) on ultrafast time

10



scales. Robust assignment of two chromophore species (i.e., change of protonation states) before
and after ESPT is corroborated by a close match between the A* and I* SE peaks and fluorescence
peaks (Figure 2). At early times (e.g., 250 fs), the main negative peak at 478/479 nm for the Ca*'-
free/bound biosensor corresponds to the A* SE band, located to the red side of the A* fluorescence
peak (~460 nm), which is in accord with the aforementioned charge transfer characteristics in the
transient electronic excited state.''*** Since the ground state B population is very small with an
absorption peak at ~480 nm, we do not expect a significant GSB contribution from the B species
after 400 nm excitation. At late times (e.g., 150 ps), the Ca**-free/bound biosensor SE band grows
and red shifts to 513/508 nm that is attributed to I* after ESPT, confirmed by the spontaneous
emission peaks at 512/506 nm.

In addition, a prominent red shoulder appears in both fluorescence and SE bands. To elucidate
its origin, we took a 1-nm slice from the main SE band (513/508 nm) and shoulder (550/544 nm)
for the Ca*"-free/bound biosensors (see Figure S1 in the Supporting Information), which exhibit
nearly identical dynamics between their respective main SE band and red shoulder, indicating that
both peaks arise from the same transient deprotonated chromophore species. In particular, the
shoulder observed in the fluorescence band is associated with a vibrational mode in Sy that is
coupled to the downward electronic transition, whereas the SE shoulder could involve a similar
vibrational mode in S, as the I* species relax in a non-equilibrium electronic excited state.”?>~°
The choice of tunable Raman pump at the red side of main SE band potentially enhances the

vibrational modes associated with these vibronic transitions (see below).

11
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Figure 3. Fs-TA contour plot of the Ca”-free (a) and bound (b) states after 400 nm excitation. The
A*—T* transition through ESPT reaction is highlighted by the white dashed line across SE bands.
Target analysis of the Ca*"-free (c) and bound (d) states adopts a two-component (A*—>I*) model.
To correct for fluorescence background (FB), the optimal A*/FB initial population is denoted in
black. The 17 ps ESPT time constant and 2.4 ns green fluorescence lifetime were derived for the

Ca*'-free state whereas the Ca®"-bound state analysis converges to lifetimes of 6 ps and 1.5 ns.

The experimental TA spectra are typically convoluted due to overlapping electronic bands

associated with multiple populations (Figure 3a and b). To better understand how each population

12



evolves with time, global and target analyses are typically used to dissect complex systems.’’ For
the Ca*"-free and bound biosensors, multiple components were tested via target analysis (see
Figure S2) to examine the validity of signal deconvolution. Figure 3c and d present the simplest
reasonable model (i.e., two-component sequential model, A*—I*—I) with the 17/6 ps and 2.4/1.5
ns time constants for the Ca®"-free/bound states, respectively. The initial process corresponds to
the main ESPT reaction with a clear transition of SE bands (i.e., A*—I*), revealing that the
hydrophilic Arg377 in the Ca*"-bound biosensor facilitates a faster ESPT channel. The nanosecond
process is associated with the green fluorescence lifetime as the SE band diminishes (i.e., [*—1).
We note that a fluorescence background (FB) signal is present at negative time points due to an
intrinsic difference of the probe spectrum between the pump on and pump off cases with laser
repetition rate at 1 kHz, while the CCD camera records the signal non-stop within the 1 ms data
collection window for each laser shot. To correct for FB contribution and elucidate the dynamic
ESPT reaction pathway, an initial population ratio (A*/FB) of 60/40 and 50/50 was optimized to

least-squares fit the TA data of the Ca**-free/bound states to retrieve the target analysis species.

C. Time-Resolved Vibrational Spectroscopy using Tunable FSRS. Because the main ESPT
reaction occurs on the picosecond time scale, we implement the tunable FSRS methodology to
track nuclear motions during the photoproduct formation. Using a Raman pump at 553 nm that is
preresonant with the I* SE band at ~510 nm (Figure 3), we effectively capture the essence of ESPT
because (1) it is the only pathway converting A* to I*, (2) the Raman pump is >40 nm away from
the SE peak so the Raman-pump-induced depletion of I* population is insignificant,”"* (3) the
observed vibrational dynamics of I* provide unambiguous information about the rise and decay of
deprotonated chromophore species before returning to Sy. In Figure 4a and b, excited state FSRS

contour plot of the Ca**-free/bound biosensor is contrasted with the buffer-subtracted ground state

13



spectra: the frequency and intensity change of the Raman modes between Sy and S; is conspicuous.

In particular, the ground state chromophore only exhibits one prominent peak at ~1565 cm™, while

an array of peaks from ~700 to 1700 cm™ manifest interesting dynamics (e.g., peak integrated

intensity and center frequency, vide infra) in the excited state in close association with ESPT

reaction (Figure 4) that warrants detailed analysis.
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Figure 4. Tunable FSRS 2D contour plot of the Ca*"-free (a) and bound (b) P377R biosensor from

10 fs to 600 ps with 400 nm actinic pump and 553 nm Raman pump. The ground state spectra are

displayed below (orange). For vibrational intensity dynamics of the Ca*'-free (c) and bound (d)
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biosensor in Sy, the I* 838/843 cm™ mode intensity rise (blue) is contrasted with the A* 1569/1563

cm” mode intensity decay (red) with the multiexponential fits in solid curves and time constants.

First, the Ca*"-free and bound biosensors show similar peak positions and dynamic patterns
(see Figure S3 for the raw experimental spectra with baselines drawn across the detection window).
This is expected because they share the same SYG chromophore (see Figure 1 inset for the
chemical structures with different protonation states) and both emit green light upon 400 nm
excitation, and the major difference in the chromophore local environment is the proximity to an

11719 This allows an effective

interfacial R377 residue located on a different protein subunit.
spectroscopic platform to track the chromophore response at the biosensor active site as the Ca*'-
binding events occur allosterically at the nearby CaM domain (Figure 1), and reveal key
differences between the excited state vibrational motions.

Second, the I* modes at ~840, 860 and 1340 cm™' appear earlier in Figure 4b than 4a, indicative
of a faster ESPT channel in the Ca*"-bound biosensor wherein the I* population rises with an 8 ps
time constant (Figure 4d) versus 14 ps in the Ca®"-free biosensor (Figure 4c, while the fit of the
adjacent 860 cm™ mode yields a similar 12 ps rise time constant). Quantum calculations show that
the ~840 and 860 cm™ modes mainly consist of the phenolic ring out-of-plane deformation (see
Table S1) and the imidazolinone ring deformation,* respectively, hence these ring motions are a
sensitive vibrational probe for the accumulation of I* species due to the increased electric
polarizability over the two-ring system and pre-resonance enhancement (i.e., the I* SE peaks at
~510 nm while the Raman pump is at 553 nm, see Figure 2b). This dynamic trend also matches a
previous report on the TYG chromophore in the Ca**-free/bound G-GECO1.1 biosensors, wherein

tunable FSRS with a 529 nm Raman pump allowed the tracking of I* ~1370 cm™ mode intensity

rise with 42/22 ps time constants.'® Notably, the Ca®'-free over bound ratio of I* intensity rise time

15



constants (14 ps/8 ps = 1.8) in the P377R biosensor matches that in the G-GECO1.1 biosensor (42
ps/22 ps = 1.9). It is thus plausible that the protonated SYG chromophore is more prone to ESPT
upon 400 nm photoexcitation than the TYG chromophore,”® but the effect of Ca** binding on the
ESPT rate is comparable in both biosensors.

Third, a faster reaction may lead to less complete ESPT if an inhomogeneous population
consists of significant subpopulations that cannot undergo ESPT (e.g., trapped in A*). This point
is evinced by the prolonged A* 1563 cm™ mode intensity decay that differs from the I* 843 cm™
mode intensity rise in the Ca*’-bound biosensor (Figure 4d). The ~5 ps (with 43% amplitude
weight in the least-squares fit) initial A* decay is an average of Franck-Condon (FC) relaxation
and ESPT dynamics which is in accord with the ~8 ps I* rise. The much longer 2.2 ns (with 57%
amplitude weight) A* decay likely reflects a mixture of fluorescence lifetime and nonradiative
decay pathways so the trapped chromophore subpopulation could return to the ground state. Due
to our experimental pre-resonance condition favoring the I* modes, the A* mode dynamics
become more convoluted thus exhibiting averaged dynamics; the cleaner A* decay dynamics can

be observed using conventional FSRS with an 800 nm Raman pump.'®"

Using ultrafast
vibrational spectroscopy, similar conformational inhomogeneity has been observed in a membrane
protein environment due to a slower exchange between different H-bonding configurations.*®
Fourth, the Ca*"-free biosensor exhibits similar dynamics as the previous conventional FSRS
results (Figure 4c).” Unlike the Ca**-bound state, the Ca®'-free biosensor reveals a more
homogeneous and efficient ESPT channel that allows the A* 1569 cm” mode decay to zero,
suggesting that the resonance conditions for A* species diminish more dramatically as the Ca*"-

free biosensor chromophore undergoes ESPT reaction. It also shows that energy dissipation via

competing pathways (e.g., nonradiative relaxation) is more significant in the Ca*'-free case.
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With this enhanced sensitivity for certain A* species, the initial 500 fs decay (with 41%

10,1720 __ 4 -
1720 while

amplitude weight) in Figure 4c shows the A* population moving out of the FC region
the 30 ps decay (with 59% amplitude weight) represents an ensemble average of ESPT (~14 ps for
the I* 839 cm™ mode rise in Figure 4c) and other A* nonradiative relaxation processes on the tens

20,39

of ps time scale. We note that this 30 ps time constant is also retrieved from other A* modes

at~1155, 1183, and 1208 cm™. Since the fluorescent quantum yield for such biosensors is typically

around 0.2 with 400 nm excitation,'®'"*’

the nonradiative relaxation channels effectively compete
with ESPT on ultrafast time scales to deplete the A* population. This also explains the negligible

A* spontaneous emission peak in the Ca**-free state (Figure 2a).

D. Characteristic Vibrational Motions Differ in the Ca’* Free and Bound Biosensors. To
better understand the observed and potentially functional structural motions of the biosensor
chromophore, we analyze the Raman mode frequency dynamics in S; (Figure 5) to correlate with
mode assignments aided by density functional theory (DFT) calculations. The peak doublet
between 800 and 900 cm™' displays different frequency dynamics upon Ca>* binding. In the Ca*'-
free state, the ~838 cm™ mode shows a 4 ps blue shift from 832 to 845 cm™ (Figure 5a), which can
be attributed to vibrational cooling (VC) within the I* state after the ultrafast ESPT reaction barrier

29,40-42

crossing. The adjacent 864 cm™ mode exhibits a similar blue shift from 859 to 870 cm™ with

a 6 ps time constant. This observation represents the first time that a frequency shift is tracked in

a photoproduct, instead of a photoreactant species or a mixed A*/I* species inside a protein

20,24,39

pocket. However, the Ca®"-bound state does not show a clear blue shift (Figure 5b), which

could be due to a less steep PES or competing pathways. In both the parent GEM-GECO1 (SYG
chromophore, adjacent P377) and a related G-GECO/1.1 biosensor (TYG chromophore, adjacent

24,43

R377), the Ca**-bound state hosts a more twisted chromophore in the ground state.”** To estimate

17



how twisting affects vibrational frequency in the excited state with reasonable computational costs,
the DFT calculation of a 20°-twisted SYG chromophore was compared to the coplanar two-ring-
system case (see Table S1 and Figure S4 for the pertinent mode assignment). For the calculated
828 cm™ mode, the deprotonated chromophore shows a 4 cm™ red shift as it twists by 20°. The
close-in of the long side chain and positively charged R377 toward the chromophore in the Ca*'-
bound biosensor is expected to create a compact microenvironment (Figure 1) which allows the
deprotonated chromophore after ESPT to further twist.* As a result, the VC-induced blue shift
mixed with the twisting-induced red shift of the I* mode can lead to an overall stagnant Raman

band center frequency (Figure 5b).
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Figure 5. Excited state vibrational mode frequency dynamics of the P377R biosensor
chromophore. In the Ca”'-free state, the ~838 cm™ I* mode, 1569 cm™ A* mode, and 1594 cm™

I* mode shifts are shown in (a), (c), and (e), respectively, with the single-exponential fits in solid

black curves. Time constants are denoted. For comparison in the Ca**-bound state, the ~843 cm™
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I* mode, 1563 cm™ A* mode, and 1593 cm™ I* mode shifts are shown in (b), (d), and (f),

respectively. The ~1540 cm™ I* shoulder peak affects the ~1569/1563 cm™ A* peak dynamics.

When comparing the A* marker band frequency shift in the C=C, C=N, and C=O stretching
region, the 1569/1563 cm” mode for the Ca*'-free/bound biosensor is overlapped with the
emerging I* modes at 1594/1593 and 1540/1540 cm™', essentially forming a “Y” spectral pattern
as delay time increases (see Figure 4a and b). Given the challenge to retrieve mode dynamics from
this congested high-frequency region,** we fit the spectra using multi-gaussian peaks and record
the peak center frequencies. The 1540 cm™ mode is dispersive in the FSRS spectra along with the
1300 cm™ mode (Figure S3), indicating that both modes are coupled to the I* SE transition (i.c.,
vibronic coupling) thus involve hot luminescence pathways in the FSRS signal generation.***
Furthermore, these specific modes project strongly along the ESPT reaction coordinate and are

sensitive trackers for the I* formation.'%!%’

Detailed fitting with dispersive line shape can also be
performed*® to retrieve more information about these modes, but the focus here is to monitor an
adjacent mode frequency change. The frequency red shift from the ~1565 cm™ A* mode has been
observed in wild-type GFP and GEM-GECO1 biosensor (with a common SYG chromophore) after
ESPT reaction and the resultant change of the H-bonding network around the nascent deprotonated
chromophore (I*).'"""” Such a red shift is observed for the Ca*"-bound biosensor A* mode, ca.
15701557 cm™, with a time constant of 8 ps (Figure 5d), matching the I* 843 cm™ mode
intensity rise time constant of 8 ps (Figure 4d), hence confirming their concomitant tracking of
ESPT. This result shows that the shoulder peak with a dispersive line shape may not affect the

apparent dynamics of a nearby dominant mode with a non-dispersive line shape, and the intensity

“pulling” effect to exhibit a marker band red shift is still evident when the ESPT reaction occurs.
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The general red shift trend of this vibrational mode frequency is also reproduced by TD-DFT
calculations wherein the protonated chromophore motion at 1587 cm™ becomes 1536 and 1572
cm’ in the deprotonated chromophore (see Table S1).

In sharp contrast, the Ca’’-free biosensor A* mode manifests a small blue shift, ca.
15671571 cm™, with a time constant of 3 ps (Figure 5¢) that does not match the I* 839 cm™
mode intensity rise time constant of 14 ps (Figure 4d). To rationalize this intriguing observation,
we note that the ~1565 cm™ marker band lasts much longer in the Ca*"-bound than Ca*’-free
biosensor, so beyond tens of ps in the latter case, the I* modes at ~1540 and 1594 cm™ dominate
(Figure 4b). Indeed, the 1594 cm™ I* mode (Figure 5e) exhibits a frequency red shift, ca.
1600—1588 cm™, with a time constant of 16 ps that is consistent with the ESPT rate in the Ca*'-
free biosensor. Our DFT calculations show that the deprotonated chromophore twisting leads to a
mode frequency red shift of 3 cm™ (i.e., 15811578 cm™', see Table S1) so the effect is additive
to ESPT, i.e., the aforementioned intensity pulling from a nascent ~1540 cm™ mode at the lower
frequency side which also red shifts with the chromophore ring twisting (i.e., 1552—1546 cm,
see Table S1). In consequence, a blue shift for the “middle” 1569 cm™ mode in the excited state
(Figure 5c) could arise from a VC process in A* partially mixed with ESPT as well as the
chromophore twisting-induced red shift of adjacent I* modes.

Furthermore, the 1593 cm™ mode is attributed to I* due to its intensity rise after a short dwell
of ~1 ps, while its frequency exhibits a 9 cm™ red shift (ca. 1598—1589 cm™) with a ~1 ps time
constant (Figure 5f) in the Ca*"-bound state. This ultrafast time constant with a delayed onset of
~1 ps is unique among all the mode frequency dynamics in Figure 5, and is likely associated with
the I* species responding to the rapidly rearranging bridge water molecules (i.e., between the

chromophore phenolate oxygen end and the R377 side chain guanidinium end) on the typical
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molecular water reorientation time scale.’®*’ This process is consistent with the deprotonated
chromophore twisting in a more compact environment with certain H-bonding configurations in
support of faster ESPT on the few ps time scale, so such a structural step adjusting the bridge water
orientation is important to stabilize the nascent I* species and enlarge the “quantum box” for
pertinent vibrational motions (i.e., leading to the observed mode frequency red shift). Meanwhile,
a significant A* population does not undergo ESPT and remains trapped in the Ca*"-bound
biosensor, which explains the A* 1563 cm™ mode intensity decay component of 2.2 ns in Figure
4d, as well as the increased A* spontaneous emission peak at ~460 nm (Figure 2a). In addition,
our experiments showed that the Ca**-bound biosensor is more sensitive to laser irradiation (i.e.,
susceptible to photodamage reflected by a larger change of UV/Vis spectra before and after the
FSRS data collection, see the Materials and Methods above) than the Ca*"-free biosensor. This
observation indicates that some trapped A* populations do not experience an efficient and/or
effective relaxation pathway to achieve desirable molecular photoprotection properties for the

2+ . 42,48
Ca“"-bound biosensor.™

E. Formulating the Design Principles of Fluorescent Biosensors from a Molecular
Perspective. These mechanistic insights uncover a key design principle for the Ca*" biosensor
based on the cpGFP-CaM complex: reduce conformational inhomogeneity and increase the ESPT
propensity in the Ca*"-bound state. Since conserved arginine residues (e.g., Arg96 in wtGFP)>"*
with a positively charged side chain are considered important in stabilizing the charge-transfer
excited state of a protein chromophore, we envision that modification of a key residue in the
vicinity of the chromophore may provide a directional force to interact with R377 via water bridges

14,49

and/or electrostatic interactions, thus limiting the orientations of the R377 side chain relative
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to the chromophore phenolate oxygen in the Ca*"-bound state. The replacement of R377 with a
negatively charged residue such as Glu or Asp represents an alternative strategy by maintaining
the hydrophilic environment while providing directional H-bonding and proton acceptors to
potentially “reroute” the ESPT chain in the Ca*"-bound state, hence making an ratiometric or
intensiometric biosensor with improved sensing capabilities.”'

On the other hand, a thiol bridge or some H-bonding partners could be incorporated to restrict
the chromophore phase space®® around the ESPT-prone region so a more homogeneous A*
population can effectively proceed to I*. Previous work on the GFP model chromophore such as
the widely studied p-hydroxybenzylideneimidazolidinone (HBDI) in solution has shown that
chromophore twisting around the ethylenic bridge region leads to the dominant energy relaxation
pathway (i.e., nonradiative internal conversion from S; to Sp),'*>*"* which is greatly suppressed

10,39,55

for the locked chromophores or inside a protein pocket. The chromophore surroundings can

thus be carefully tuned to provide sufficient structural constraints to increase the nonradiative

. . . . 565
isomerization energy barrier’*’

so the fluorescence pathway becomes more favored.

In addition, implementing a hydrophilic canonical (e.g., Lys, His) or noncanonical amino acid
(NCAA)® that interacts with the chromophore from a slightly larger distance could help promote
ESPT in a less crowded environment with a higher fluorescence quantum yield, which also reduces
the trapped A* population by allowing more efficient relaxation pathways of A*, thereby leading
to improved photostability of the overall biosensor. Since the P377R biosensor acts in an excitation
ratiometric manner, increasing the B population in the Ca®>*-bound state is also beneficial, and the
aforementioned strategies are expected to shift the ground state equilibrium from A to B due to a

more favorable H-bonding environment with a better positioned and more homogeneous R377 (or

another hydrophilic residue after the bioengineering step as stated above) interacting with the
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phenolic end of the chromophore. It is interesting to note that a previous two-photon absorption
spectroscopic study showed a blue-shifted absorption peak for the lowest-energy band in the one-
photon absorption spectrum (see Figure 2a for example) of the anionic form of an enhanced GFP
chromophore, which led to a proposed hidden electronic excited state (e.g., S;) with a large two-
photon absorptivity.”” Though this result was specifically tied to a deprotonated TYG chromophore
either in solution or inside enhanced GFP, not the protonated SYG chromophore in a GFP-based
calcium biosensor mutant as reported herein, we consider it as further evidence that the elucidation
of multidimensional electronic PES of the protein chromophore is non-trivial and requires a careful
assessment of the observed spectral data on various time scales and under specific experimental
conditions. This exertion is especially pertinent when two-photon absorption is desired for greater

penetration depth and/or higher resolutions in advanced bioimaging applications.’"*

IV. CONCLUSIONS

Understanding how fluorescent protein based Ca>" biosensors work is of fundamental interest
and use for applications in bioimaging and life sciences. In this contribution, we have implemented
the tunable FSRS technique, aided by fs-TA and computations, to elucidate how a single-site
P377R mutation affects the main function (i.e., fluorescence) of a GFP-based calcium ion
biosensor. The Ca*'-free state has a largely homogeneous chromophore environment due to the
unrestricted B-barrel opening with labile water molecules and a distant R377 residue. Direct
tracking of deprotonated I* species reveals a ~14 ps ESPT reaction and ~4 ps vibrational cooling
time constant in the I* state, while the protonated A* species shows biexponential decay time
constants of 500 fs and 30 ps. Upon Ca”" binding, R377 impedes the B-barrel opening and yields
a more compact biosensor interior with restricted water molecules as the bridge for ESPT and

subsequent relaxation. The resultant chromophore population becomes more inhomogeneous: one
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subpopulation undergoes faster ESPT to I* than its Ca®"-free counterpart with an 8 ps time constant
for green emission, while another subpopulation favors a trapped A* species that yields more
emission in the blue. Moreover, the nascent I* population adopts a more twisted conformation as
it vibrationally cools and stabilizes within a dynamic H-bonding network before fluorescence,
reflected by the correlated Raman marker band frequency dynamics including the ~8 (1) ps red
shift of the 1563 cm™ A* (1593 cm™ I*) mode.

The altered reaction pathways underlie the overall decreased green emission with more
photodegradation after 400 nm excitation of the Ca**-bound biosensor, which substantiates the
spectroscopy-aided rational design strategies to reduce conformational inhomogeneity by
modifying the chromophore-R377 interaction to be more directional, less compact, and with
improved plasticity. The incorporation of specific functional groups to the protein chromophore
via NCAA methodology and characterization by tunable FSRS technique to dissect fluorescence

properties is currently underway in our lab.

Supporting Information. This material is available free of charge on the ACS Publications

website at http://pubs.acs.org.

Additional discussion on the significance of this work, Figures S1-S4 on fs-TA dynamics
of main SE band and shoulder, target analysis, FSRS baselines and peak line shapes,
depiction of the DFT-calculated Raman modes, Table S1 on key Raman mode assignments,

additional references, and the full authorship of Gaussian 09 software (PDF)
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