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ABSTRACT. Understanding excited state structural dynamics of fluorescent-protein-based
biosensors for Ca®* imaging is crucial for developing new in-vivo Ca* indicators and advancing
bioimaging. We implemented wavelength-tunable femtosecond stimulated Raman spectroscopy
(FSRS) with a 530-nm Raman pump to uncover the working mechanism of an intensiometric
fluorescent-protein biosensor, G-GECOI.1, highlighting the deprotonation process of its
embedded chromophore. Besides confirming the dynamic difference of excited-state proton
transfer (ESPT) in the Ca**-free/bound protein, we revealed a chromophore two-ring twisting
process with time constants of 36/60 ps that competes with ESPT. In contrast to FSRS data
collected using the 800-nm Raman pump, the bluer Raman pump enables us to access a subset of
reactant population with partially deprotonated character that exhibits an additional ESPT
component on the ~5-ps timescale. These findings provide deep mechanistic insights into the
inhomogeneity and subpopulation-specific conformational dynamics of biosensor chromophores,

which will guide the rational design of improved biosensors for metal ion imaging.
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The discovery of green fluorescent protein (GFP) as a genetically encodable bioimaging
marker'” has revolutionized molecular and cellular biology and greatly facilitated bioengineering
and biomedical advances.*® Because GFP is highly tolerant to structural manipulations, protein
engineers have successfully converted FPs to a large number of FP derivatives and FP-based
biosensors. Since the 1990s, the extension of FPs to sensitively detect the target analyte in
cellular environment such as metal ions and adenosine triphosphate (ATP) has gained
momentum and yielded important results.””” One of the exciting directions is the development of
biosensors that track calcium ions (Ca®), which play a vital role in the function of all
mammalian cells including neuron activity and cancer metastasis.'”"' G-GECO1.1, a recently
developed intensiometric FP-based Ca** biosensor with a Thr-Tyr-Gly (TYG) chromophore,'*"
exhibits more than two-fold fluorescence intensity change upon Ca** binding when compared to
its GFP-calmodulin (CaM) predecessor GCaMP3.”" The protonated TYG chromophores in
both the Ca**-free and bound biosensors emit green photons upon 400-nm photoexcitation via
excited-state proton transfer (ESPT) from its phenolic hydroxyl to adjacent proton acceptors.

In our previous report,’® we used femtosecond stimulated Raman spectroscopy (FSRS) with

800-nm Raman pump'”?

to probe photoinduced proton transfer reaction coordinate of the
chromophore inside the protein pocket. After the impulsively driven wavepackets move out of
the Franck-Condon region, an ESPT time constant of ~50 ps in the Ca**-free biosensor shortens
to ~30 ps in the Ca**-bound biosensor. The calcium ions induce conformational changes of the
CaM domain that reposition Arg377 at the interfacial region, resulting in a more hydrophilic
environment for the embedded FP-chromophore. However, as the photoexcited protonated

chromophore (A*) converts to the deprotonated chromophore in the excited state (I*), the 800-

nm Raman pump cannot probe I* species with high enough signal-to-noise ratio due to changes
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in the resonance Raman condition.'”*'** Therefore, structural evolution from A* to I* could not
be fully monitored. Whether or not the chromophore undergoes a notable conformational change
along the ESPT reaction coordinate remains unresolved. In order to provide deep insights into
the photochemistry of G-GECO1.1 biosensor chromophore, we developed a tunable FSRS setup
(see Supporting Information, Figure S1) with 530-nm Raman pump™ to access a different region
of the excited-state potential energy surface, aiming to elucidate the conformational dynamics of

the TYG chromophore beyond the initial A* decay following 400-nm photoexcitation.

G-GECO1.1
-ca**

+ Ca2+

$0.05%

Stimulated Raman gain

600 800 1000 1200 1400 1600 1800
Stokes Raman shift (cm'1)

Figure 1. Ground-state FSRS of the G-GECO1.1 biosensor with 530-nm Raman pump. The Ca**-
free/bound sample is shown in red/black solid curves, respectively. The Ca**-bound sample
spectrum is scaled by a factor of 0.51 to match the Ca**-free sample peak at ~1560 cm™. The

double-arrowed line indicates an absolute stimulated Raman gain of 0.05%.

We first performed ground-state (S,) FSRS for the Ca”*-free/bound biosensors. The overall
spectral pattern in Figure 1 is similar for both samples, mostly arising from the three-residue
chromophore that senses the light stimulus. Since about 1/6 of the chromophores are
deprotonated following Ca®" binding (see Supporting Information, Figure S2)** while the 530-nm
Raman pump wavelength is much closer to the absorption peak of the deprotonated form in S, (B

state) at ~500 nm, the Raman mode intensities for the Ca*"-bound biosensor are much stronger
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than those in the Ca*"-free biosensor with similar sample concentrations. After normalizing to
the 1560 cm™ mode intensity, the 1366 cm™' mode exhibits additional enhancement in the Ca*-
bound state, which indicates that the polarizability of the corresponding normal mode is
significantly increased in the deprotonated chromophore. Aided by density functional theory
(DFT) calculations in Gaussian,” we assigned major atomic motions to the observed vibrational
modes in S, between ca. 600— 1700 cm™ (see Supporting Information, Table S1/S2 for the Ca**-
free/bound biosensor chromophore, respectively). Comparisons between ground-state spectra
collected with the 530-nm Raman pump and those with the 800-nm Raman pump (Supporting
Information, Figure S3) supports significant enhancement of deprotonated chromophore Raman
signal strength using a visible pump. The observed mode frequency shift indicates that different
chromophore species are being specifically enhanced by different Raman pump wavelengths.
After subtracting the ground-state FSRS, the time-resolved excited-state Raman spectra are
stack-plotted in Figure 2 (see baselines in Figure S4). Unlike our FSRS data with 800-nm Raman
pump'® wherein all the modes diminish after ~120 ps, the Raman modes here show distinct
temporal evolution. We reported the ~1370 cm” T* mode' gradually rising in Ca*"-free/bound
biosensor spectra, and confirmed the ESPT time difference. In addition, there are new transient
A* and I* modes revealed by tunable FSRS between ca. 600—1700 cm™ (Figure 2). For instance,
a pronounced redshift of the 1180 cm™ mode correlates with the increase of the 1370 cm™ mode
intensity. This phenomenon was not observed in FSRS with 800-nm Raman pump wherein the
1176 ¢cm™ mode frequency remains unchanged between ~200 fs and 650 ps (detection time
window limited by the length of our 10-cm translation stage). Moreover, the ~1400 cm™ mode
emerges promptly following photoexcitation that decays away with the rise of the ~1370 cm™

mode of I* on the 42/22 ps timescale in the Ca**-free/bound biosensor, respectively.'®
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Figure 2. Time-resolved excited-state FSRS of the (a) Ca**-free and (b) Ca**-bound G-GECO1.1
biosensor from —400 fs to 550 ps following 400-nm photoexcitation. The Raman pump is at 530
nm. The aqueous-buffer-subtracted S, spectra are plotted at the bottom to compare with the S,-
subtracted S, spectra. The S, spectrum of Ca**-bound biosensor is multiplied by 0.3. The double-
arrowed line represents the stimulated Raman gain of 0.2%. The single-arrowed blue dashed
curve indicates the ~1180 cm™ mode (with multi-gaussian least-squares fits shown in dark/light
gray shades) frequency redshift toward ~1170 cm™. The prominent Raman modes in A*/I* are

highlighted by vertical dashed lines with their frequencies labeled in red/black, respectively.

We performed DFT calculations on the TYG chromophore in vacuo to mimic the relative

hydrophobic protein pocket surrounding the chromophore (see Figure 3 insert).? The 1180 cm™
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mode mainly consists of the bridge C,—H rocking with phenol ring-H rocking motion (see
Supporting Information, Table S3), which is sensitive to the chromophore two-ring coplanarity
change since it involves the ethylenic bridge. In the Ca**-free biosensor, this pronounced mode
redshifts from 1189 to 1172 cm™ with a fitted exponential time constant of 36+2 ps (Figure 3). A
smaller redshift from 1185 to 1170 cm™ is observed in the Ca*’-bound biosensor with the time
constant of ~60+3 ps. Given that vibrational cooling typically leads to mode frequency blueshift,
the structural origin of the observed peak redshift can be revealed by quantum calculations and

the general conformational constraints of the chromophore inside the FP pocket.”**’

Vibrational freq. in S, (cm'1)

0 100 200 300 400 500 600
Time delay (ps)

Figure 3. Excited-state vibrational frequency shift of the ~1180 cm™ mode in the Ca**-free (red)
and Ca**-bound (black) G-GECO1.1 biosensor from 0—600 ps. The Ca**-free trace is vertically
offset by =3 cm™ for comparison. The double-arrowed line indicates a frequency magnitude of 2
cm™. The bridge C-H rocking motion is depicted with dotted arrows near the TYG chromophore
molecular structure in the inset. The T rotation is shown around the ethylenic double bond. The

representative error bars are shown for time-resolved data points at ~100 ps for both samples.

Since the protein matrix provides strategic constraints that effectively inhibit chromophore

twisting and increase the fluorescence quantum yield (QY, one of the most important biological
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2829 q series of Gaussian-DFT

functions and application parameters for these Ca’* biosensors),
calculations (results tabulated in Supporting Information, Table S4) were performed to infer the
effect of protonation and two-ring coplanarity on the observed vibrational mode frequency:
protonated/deprotonated chromophore in a coplanar (0°) to 40°-twisted in 10° interval (T angle,
depicted in Figure 3 insert) conformation in S,. Our previous calculations on an SYG
chromophore suggested that a twisting angle of 20° in S, can capture the overall frequency shift
trend in S,.*° Table 1 specifically shows that if the chromophore maintains two-ring coplanarity
while undergoing ESPT, the vibrational mode (bridge C,—H rocking with phenol ring-H rocking)
frequency would slightly blueshift by 2 cm™. However, upon deprotonation with t=20°, the 1185
cm’' mode redshifts to 1178 cm™, representing a frequency drop of 7 cm™. Moreover, ring twist
without deprotonation leads to a small blueshift of 1 cm™. The experimentally observed redshift

is 17/15 cm™ in the Ca®*-free/bound biosensor, respectively, consistent with the calculated

frequency trend that reflects the chromophore ring twist during the ESPT process from A* to I*.

Table 1. Gaussian-DFT calculation results for the ~1180 c¢m”' mode of the
protonated/deprotonated TYG chromophore in the coplanar and twisted confirmation

Protonated chromophore freq. (cm™)* Deprotonated chromophore freq. (cm™)*
Coplanar 20°-twisted Coplanar 20°-twisted
1185 1186 1187 1178

“ The normal mode frequencies are calculated from DFT-RB3LYP calculations of a ground-state
geometry-optimized TYG chromophore capped with methyl groups using 6-31G+(d,p) basis sets
in vacuo and are scaled with a factor of 0.97 (see Supporting Information, Table S4 for an
expanded calculation set with systematic variation of the T angle from 0° to 40°).

Notably, our reported ESPT time constants'® of ~50/30 ps represent a reversed trend to the
time constants attributed to ring twist, i.e., ~36/60 ps for the Ca*'-free/bound biosensor (Figure

3), respectively. The ring twist and ESPT time constants are comparable but with the opposite
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trend, suggesting that they compete with each other. We speculate that both processes dissipate
photoexcitation energy, and the percentage of each contribution depends on the interplay
between chromophore photoacidity, skeletal motions, and local environment.'** Also, the twist-
induced mode frequency redshift is larger in Ca**-free (17 cm™) than Ca*-bound (15 cm™)
biosensor. These results infer the structural dynamics basis of the chromophore pocket affected
by Ca® binding at the adjacent CaM domain. Because the Ca*-free biosensor has a B-barrel
opening near the interfacial region between the extended CaM and circularly permuted GFP
domains, the chromophore has more freedom to move in a less constrained environment,
resulting in faster twisting with larger magnitude. In the Ca**-bound state, CaM wraps around the
M13 peptide and largely shields the -barrel opening of GFP domain, so the chromophore senses
a more restrained environment that leads to slower twisting with smaller magnitude, while ESPT
becomes more efficient as the closed-in residue Arg377 increases local hydrophilicity and could
potentially help to stabilize the deprotonated chromophore.'® Regarding pertinent motions that
promote ring twist, our DFT calculation shows a ring out-of-plane motion at ~120 cm™ that may
be one of several chromophore skeletal motions being coherently excited by the fs 400-nm
photoexcitation pulse. These vibrational modes can collectively break the ground-state two-ring

coplanarity on the ps timescale in the electronic excited state.'®*"*

In comparison to wild-type (wt)GFP with QY=0.8, the corresponding QY is only 0.20/0.46 for
the Ca**-free/bound G-GECO1.1 biosensor.'” This may be correlated with the chromophore twist.
The wtGFP chromophore is in a highly protected, well-defined H-bonding environment (i.e.,
with a conserved H,0O molecule above the two-ring plane and within H-bonding distance to the

2231

phenolic hydroxyl of the SYG chromophore),”" which governs the chromophore motion to be a

specific phenolic-ring wag that facilitates ESPT as the main energy dissipation channel,” leading
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to high QY. In contrast, the TYG chromophore in G-GECO1.1 has more conformational freedom
and solvent exposure due to the B-barrel opening.*'> This molecular construct lowers the
potential barrier for two-ring twist and makes it a viable channel for energy dissipation following
photoexcitation, in competition with ESPT on similar timescales (i.e., tens of ps), leading to
lower QY than wtGFP. This argument further supports higher QY in the Ca**-bound than Ca**-
free G-GECOI.1 because the former chromophore has faster ESPT, slower ring twist, and less
solvent exposure. Furthermore, comparison to the GFP chromophore synthetic analogue p-
hydroxybenzilidene-imidazolinone (HBDI) is useful because the model chromophore undergoes

rapid photoinduced ring twisting in solution and is essentially non-fluorescent.”

(a) 530-nm Raman Pump (T=0 fs) [\G-GECO1.1
800-nm Raman Pump (T=0 fs) -Ca%*

Stimulated Raman gain

800 1000 1200 1400 1600 1800
Stokes Raman shift (cm™)

(b) o -Ca?* enlarged

Raman peak intensity in S, (x107%)

ps] »
~1100 cm

0 50 100 150 200
Time delay (ps)

Figure 4. Excited-state Raman spectra and intensity dynamics of the G-GECOI1.1 biosensor
following 400-nm photoexcitation. (a) Time-zero spectra of the Ca**-free biosensor chromophore
with 530-nm (olive) and 800-nm (magenta) Raman pump. The latter spectrum is multiplied by 5

to match the former spectrum peak intensity at ~1180 cm™. (b) Time-resolved excited-state
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integrated intensity of the 1098/1100 cm™ modes in Ca*-free (red)/bound (black) G-GECO1.1
with 530-nm Raman pump within 200 ps after photoexcitation. The insert shows an enlarged plot

up to 20 ps. Representative error bars (dark blue) are shown for data points at ~50 ps in (b) and

©CoO~NOUTA,WNPE

10 ps in the insert, respectively. The least-squares fitted time constants beyond the initial sub-ps
13 peak intensity drop are noted in the insert. The double-arrowed line indicates the Raman gain

15 magnitude. The +Ca* peak is normalized to the stronger —Ca** peak with a scaling factor of 1.2.

21 Figure 4a presents excited-state FSRS data of the Ca*'-free biosensor at photoexcitation
23 time zero with 530 vs. 800-nm Raman pump. The 400-nm pulse mainly pumps the protonated
species (A—>A*), so at time zero when no significant structural motion can occur, the observed
28 S, modes are all A* and their frequencies should match if the sample is homogeneous that leads
30 to the same vibrational energy levels in S,.””* However, clear spectral differences including
frequency shifts indicate that different Raman pump selectively enhances different population of
35 the protein ensemble. In particular, the “protonated” biosensor could have various confirmations
37 at S, equilibrium, which can be grouped into the “largely protonated” chromophore (i.e., loosely
40 H-bonded with surrounding partners such as H,O molecules) and “partially deprotonated”

42 chromophore (i.e., more tightly H-bonded with surrounding partners). Upon 400-nm excitation,
these A-species are all pumped to S, due to their broad absorption band near 400 nm (see Figure
47 S2), whereas the deprotonated B-species with 500-nm absorption peak cannot be directly excited.
49 Because the 800-nm Raman pump enhances the A* species with largely protonated character due

to two-photon absorption®'****

whereas the 530-nm Raman pump enhances the A* species with
54 partially deprotonated character,' the observed Raman modes in S, exhibit marked differences.

56 For example, the much enhanced ~1100, 1470 and 1570 cm™ modes (i.e., they were not observed

ACS Paragon Plus Environment
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with the 800-nm Raman pump,'® see Table S3 for major atomic motion assignment) are
associated with partially deprotonated species in the A* Franck-Condon region. The temporal
evolution of these modes dominates the excited-state FSRS dynamics in Figure 2. In contrast, the
800-nm Raman pump ensures that the largely protonated A* species dominates and the
associated ESPT time constants (~50/30 ps) should represent the upper limit of proton transfer

via higher potential energy barrier crossing inside the G-GECO1.1 biosensor."®

Further experimental support for chromophore inhomogeneity can be seen in Figure 4b,
which compares the 1098/1100 cm™ mode decay in the Ca**-free/bound biosensor. Being largely
absent in FSRS data with 800-nm Raman pump, this mode with a monotonic decay in Figure 2
supports its assignment to A* species with partially deprotonated chromophore which is
specifically enhanced by the 530-nm Raman pump. The fitted mode intensity dynamics reveal
three-exponential decay time constants of ~90 fs (79%)/80 fs (73%), 5 ps (10%)/4 ps (13%), and
80 ps (11%)/50 ps (14%) in the Ca**-free/bound biosensor (fitted amplitude weight), respectively.
Beyond the initial sub-ps intensity drop, the two decay components on the ps timescale can be
clearly seen in Figure 4b insert. The ~5 ps decay component has not been observed using 800-
nm Raman pump, which strongly argues that it is associated with the partially deprotonated A*
species that was “hidden” in our previous report.'® This time constant closely matches solvation
process that was observed for photoacid pyranine following the initial charge-separation stage in

Water,19,35-37

which can be reasonably assigned to the A subpopulation with deprotonated
character in S, due to tighter H-bonding configurations. At early time, the proton can shift away
from the chromophore via pre-existing H-bonding chain on the ~100 fs timescale with the

aforementioned initial intensity drop of PA* modes.””**’ Subsequently, the surrounding H,O

molecules solvate and stabilize the further deprotonated chromophore on the ~5 ps timescale,
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insensitive to the Ca**-binding state. Based on these newly acquired spectral data, we expect that
site-specific mutations in the Ca**-bound protein chromophore pocket that can increase the

subpopulation of A with tighter H-bonding configurations should help to improve the biosensor

©CoO~NOUTA,WNPE

efficiency and/or brightness."

Notably, the retrieved time constants of 80/50 ps are larger than those obtained using the
16 800-nm Raman pump (50/30 ps) and the 1370 cm™ mode rise dynamics (42/22 ps) for the Ca**-
18 free/bound biosensor, respectively. For verification of the I* accumulation, we also plotted the
21 rise dynamics of the 860 cm™ mode (Figure S5) and obtained 42/27 ps time constants. Since the
23 860 or 1370 cm™' mode rise reports on the I* appearance after ~10 ps,'® it cannot accurately
capture the deprotonated species generated on the ~5 ps timescale; instead, it correlates well with
28 the largely protonated A* species following photoexcitation that converts to I* species. For those
30 A* species with partially deprotonated character, the 80/50 ps decay suggests that after initial
proton transfer via pre-existing H-bonding chains and the solvation stage, the majority of the

35 chromophores needs to search phase space longer through larger-scale conformational motions

37 such as two-ring twist to further slide down the I* potential energy surface before fluorescence.

40 In summary, we implemented a wavelength-tunable FSRS setup to observe ultrafast
structural evolution of the TYG chromophore inside an intensiometric fluorescent protein-based
45 Ca’* biosensor G-GECO1.1 during photoinduced proton transfer. A two-ring twist out of

47 coplanarity is revealed by the redshift of an excited-state vibrational marker band at ~1180 cm’!
50 mainly involving bridge C—H rock and phenol ring-H rock with time constants of 36/60 ps for
52 the Ca**-free/bound biosensor, respectively. Due to pre-resonance enhancement, the 530-nm
Raman pump allows us to investigate a different species from the ones we studied using 800-nm

57 Raman pump, thus providing deeper insights into ESPT pathways and conformational
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inhomogeneity of the biosensor chromophore in its protein pocket. Since the macroscopic
functionality of intensiometric biosensors mainly depends on the change of fluorescence
quantum yield, our improved understanding of molecular structural dynamics as a competition
between ring twist and ESPT on the ps to tens of ps timescale, opens new ways to atomically
modify the chromophore and/or site-specifically mutate protein residues around the chromophore

to rationally develop protein biosensors for life sciences.
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Figure 1. Ground-state FSRS of the G-GECO1.1 biosensor with 530-nm Raman pump.
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Figure 2. Time-resolved excited-state FSRS of the (a) Ca®*-free and (b) Ca?*-bound G-GECO1.1 biosensor

from -400 fs to 550 ps following 400-nm photoexcitation.
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Figure 4. Excited-state Raman spectra and intensity dynamics of the G-GECO1.1 biosensor following 400-nm
photoexcitation.
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