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Abstract (!!200 words) 

Fluorescent proteins (FPs) are luminescent biomolecules that emit characteristic hues upon 

irradiation. A group of calmodulin (CaM)-green FP (GFP) chimeras have been previously 

engineered to enable the optical detection of calcium ions (Ca2+). We investigate one of these 

genetically encoded Ca2+ biosensors for optical imaging (GECOs), GEM-GECO1, which 

fluoresces green without Ca2+ but blue with Ca2+, using femtosecond stimulated Raman 

spectroscopy (FSRS). The time-resolved FSRS data (<800 cm-1) reveal that initial structural 

evolution following 400-nm photoexcitation involves small-scale coherent proton motions on 

both ends of the chromophore two-ring system with a <250 fs time constant. Upon Ca2+ 

binding, the chromophore adopts a more twisted conformation in the protein pocket with 

increased hydrophobicity, which inhibits excited-state proton transfer (ESPT) by effectively 

trapping the protonated chromophore in S1. Both the chromophore photoacidity and local 

environment form the ultrafast structural dynamics basis for the dual-emission properties of 

GEM-GECO1. Its photochemical transformations along multidimensional reaction 

coordinates are evinced by distinct stages of FSRS spectral evolution, particularly related to 

the ~460 and 504 cm-1 modes. The direct observation of lower frequency modes provides 

crucial information about the nuclear motions preceding ESPT, which enriches our 

understanding of photochemistry and enables the rational design of new biosensors. 

 
Keywords 

Femtosecond stimulated Raman spectroscopy | Calcium-sensing fluorescent proteins | 

Fluorescence modulation mechanism | Excited state proton transfer | Ultrafast conformational 

dynamics 
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I. Introduction 

The green fluorescent protein (GFP), first extracted and purified from a Pacific Northwest 

jellyfish Aequorea victoria in the 1960s,1 is the archetype for the fluorescent protein (FP) 

superfamily. All of the members of this family, which include FPs with hues ranging from 

cyan through red, have been discovered in marine organisms, with reef corals being the most 

prolific source.2,3 Since the genetic encodability of FPs was demonstrated as early as the 

1990s, FPs have revolutionized molecular and cellular biology, enabling the visualization of 

life processes at a level of detail that would otherwise be experimentally inaccessible.1-8 FPs 

are particularly useful for live cell imaging because they are genetically encodable, brightly 

fluorescent, and tolerant to a variety of structural manipulations (e.g., fusion, insertion, 

circular permutation, splitting). However, despite decades of extensive engineering, major 

limitations still exist for the current FPs (e.g., insufficient photostability, lack of bright 

near-infrared variants, slow folding rate, and blinking), which hinder their applications in 

some next-generation bioimaging applications9-18 such as imaging beyond the optical 

diffraction limit9-11,17 and single molecule detection.19,20 So far, the majority of the protein 

engineering efforts have been concentrated on random mutagenesis, which typically requires 

a customized screening assay to optimize a specific function or attribute.21,22 It is thus 

time-consuming and labor intensive, and cannot provide fundamental insights on the 

structure-function relationship of the protein system.23,24 

The tolerance of FPs to structural manipulations has allowed protein engineers to convert 

FPs into FP-based biosensors that enable dynamic physiological processes to be visualized 

using fluorescence imaging. Many researchers and protein engineers are currently working to 
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expand the toolkit of FP-based biosensors in order to visualize cellular processes with better 

resolution, higher sensitivity, and faster kinetics, e.g., neural imaging25,26 and physiological 

cellular sensing.8,27,28 In particular, the ability to sense calcium ions (Ca2+) in living systems 

has revolutionized the ability of researchers to image neuronal activity25,26,29-31 and cancer 

metastasis,32,33 among many other key biological processes. The most useful class of Ca2+ 

biosensors is the GCaMP family that is created from a fusion of GFP, calmodulin (CaM), and 

the M13 domain of a myosin light chain kinase.34-37 These biosensors typically display an 

increase of fluorescence when Ca2+ is present and are hence useful for imaging cellular 

processes such as action potentials.38 

We aim to improve the FP biosensors from a new structural dynamics perspective by 

understanding the fluorescence mechanism of FPs. This fundamental knowledge is crucial to 

rationally design FP biosensors at the molecular level. The three-residue autocyclized 

chromophore is the part of an FP that is responsible for its color, and is located near the 

center of the protein !-barrel.39-41 Due to the "–"* transition in the electronic domain, a 

typical UV/visible (UV/Vis) excitation source can induce characteristic fluorescence from all 

kinds of FP biosensors. Fluorescence lifetime is typically on the nanosecond (ns) timescale, 

but the molecular events leading to emission occur much faster, so we need to capture the 

structural evolution of the photoexcited chromophore on the femtosecond (fs) to picosecond 

(ps) timescale, ideally starting from time zero of electronic excitation. In essence, the suitable 

spectroscopic technique to achieve this goal to dissect the origin of fluorescence requires 

simultaneously high spatial (atomic-level) and temporal (fs) resolutions.42-44 

The foundational knowledge of chromophore dynamics in FPs has been provided by 
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ultrafast spectroscopic techniques including time-resolved fluorescence,39,45-47 transient 

absorption,48,49 transient IR,50-53 and IR pump-dump-probe measurements.54 In particular, our 

earlier report on wild-type (wt)GFP uncovered a dominant 120 cm-1 phenol ring-wagging 

mode that gates the main photochemical event, excited state proton transfer (ESPT), 

following 400 nm photoexcitation.42 Data analysis therein focused on the quantum beats 

observed for the high-frequency vibrational modes, i.e., >800 cm-1. Notably, vibrational 

modes below 600 cm-1 are relatively difficult to study due to limited availability of IR pulses 

in that wavelength range (e.g., >17 µm) as well as small electric polarizability leading to 

weak Raman signal in general.55 These lower frequency modes carry important information 

about collective skeletal motions of the chromophore that may have a strong projection onto 

the photochemical reaction coordinate.42,56,57 Moreover, the direct observation of an array of 

vibrational modes in S1 following photoexcitation affords a unique opportunity to investigate 

the non-equilibrium structural dynamics before the molecular system reaches its equilibrium 

polarization, particularly in correlation with transient atomic motions that are part of a highly 

exergonic reaction. 

In this work, we track the transient structural evolution of the photoexcited chromophore 

inside a CaM-GFP chimera called GEM-GECO1,28 which has been recently developed to 

detect nanomolar concentrations of Ca2+ under physiological conditions. GECO stands for 

genetically encoded Ca2+ biosensor for optical imaging. Compared to related Ca2+-sensing 

proteins in the aforementioned GCaMP family,25-27,29,30,35-37,58,59 GEM-GECO1 exhibits an 

intriguing dual-emission behavior as it emits green in the absence of Ca2+ but blue upon Ca2+ 

binding. We develop the femtosecond stimulated Raman spectroscopy (FSRS) protocol to 
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obtain a series of time-resolved excited-state vibrational spectra of the embedded 

chromophore following electronic excitation, and obtain new insights into the crucial initial 

stage of photoinduced structural evolution preceding ESPT. Aided by time-dependent density 

functional theory (TD-DFT) calculations,60 we analyze the transient kinetic plots of three 

vibrational marker bands between 400 and 800 cm-1 in conjunction with high-frequency 

mode evolution.61 Ultrafast frequency shifts in these lower frequency modes are analyzed to 

infer the initial phase of ESPT reaction in the context of Franck-Condon (FC) proton motions 

via pre-existing H-bonding chains. The data also shed light on the two-ring coplanarity of the 

chromophore in the electronic ground and excited states. This new level of mechanistic 

understanding lays the solid foundation for engineering FP biosensors from the bottom up. 

 

II. Materials and Methods 

The GEM-GECO1 proteins were purified from E. coli DH10B cells transformed with the 

pTorPE plasmid harboring 6-histidine tagged GEM-GECO1. Detailed sample preparation 

steps have been reported.28,61 Briefly, a transformed E. coli colony harboring the 

aforementioned plasmid was picked and cultured in 1 L of a modified version of sterilized 

terrific broth (20 g LB mix, 14 g trytone, 7 g yeast extract, 9.2 g K2HPO4, 2.2 g KH2PO4, and 

8 mL glycerol, pH=7.20) in a temperature-controlled shaker at 30 °C for 48 hours. The cells 

were collected by centrifugation and lysed by French press. After another round of 

centrifugation, GEM-GECO1 proteins in the soluble cell extract were purified by Ni-NTA 

affinity chromatography and buffer exchanged. Finally, concentrated GEM-GECO1 proteins 

(OD>10/cm at 400 nm) in MOPS buffer with either 10 mM EGTA (Ca2+-free sample) or 10 
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mM CaEGTA (Ca2+-bound sample) were used for in vitro spectroscopic characterization. The 

UV/Vis absorption spectra of the protein samples are shown in Figures 1 and S1. 

Our experimental FSRS setup has been previously described.62-64 In brief, a mode-locked 

Ti:Sapphire oscillator and a regenerative amplifier (Legend Elite-USP-1K-HE, Coherent, Inc.) 

provide ~4 W, 35 fs, 800 nm fundamental pulses with a 1 kHz repetition rate. Three pulses 

are generated from half of the laser output: (1) a narrowband Raman pump at ~800 nm, 3.5 ps, 

6 mW from a home-built spectral filter, (2) a broadband Raman probe at ca. 820#910 nm, 

40 fs, 100 µW from supercontinuum white light generation in a 2-mm-thick sapphire plate 

followed by prism compression, and (3) a broadband photoexcitation pulse at 400 nm, 40 fs, 

500 µW from second-harmonic generation in Type-I BBO crystal and prism compression 

afterwards. All three p-polarized pulses are collimated and focused onto the sample solution, 

flowing through a 1-mm-pathlength cell chamber sandwiched by two 1-mm-thick fused 

quartz windows. The probe pulse carrying the stimulated Raman scattering signals is selected 

by a pinhole after the sample cell and sent through a spectrograph to be imaged onto a 

1340$100 pixel-array front-illuminated CCD camera (PIXIS 100F, Princeton Instruments) 

that is synchronized with the fundamental laser repetition rate. Therefore, one FSRS spectrum 

can be obtained in 2 ms from the ratio of the Raman probe spectra with Raman pump “on” 

over “off” that is controlled by a 500 Hz optical chopper in the pump beampath.62,63 

The protein is prepared at OD " 1/mm at the main absorption peak (~400 nm) to achieve 

a relatively transparent sample solution with enough Raman peak intensity.42 The spectra are 

collected following ~500 µW, 400 nm photoexcitation pulse with an 800 nm Raman pump, 

across a spectral window spanning from ca. 350—1450 cm-1. To monitor the sample 
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condition and long-term stability of the fs laser system, the ground-state (S0) Raman spectrum 

is periodically collected throughout the excited-state (S1) data collection period. The S0 

spectrum is then averaged and fitted by multiple gaussian peaks (Supporting Information). A 

small percentage of the fitted S0 spectrum, ~10% in this work for both Ca2+-free and bound 

proteins, is added back to the ground-state-subtracted excited-state FSRS spectra, in order to 

obtain the pure excited-state Raman features that manifest as positive peaks. The spline 

baselines drawn for all the excited-state FSRS spectra are shown in Figure S2 (from –1.5 ps 

to 600 ps) and Figure S3 (enlarged spectral region, from –100 fs to 1 ps) in the Supporting 

Information, and it is apparent that the transient absorption feature in this spectral region does 

not induce a large and time-dependent background to interference with the baseline drawing. 

The S1 spectrum is fitted the same way as the S0 spectrum, except that the S1 vibrational 

features are generally broader due to shorter lifetimes. As a result, we plot the time-dependent 

center frequency of the consistently fitted gaussian peak in the kinetic analysis of each S1 

mode, as well as the integrated peak areas to better represent the intensities of the observed 

Raman modes. The least-squares multi-exponential fitting to the mode intensity kinetic traces 

is convoluted with the instrument cross-correlation time of ~140 fs. 

 

III. Results 

In order to unravel the primary photophysical and photochemical events of the 

GEM-GECO1 biosensor, we carried out static and ultrafast spectroscopic measurements on 

the Ca2+-free and bound GEM-GECO1 proteins in aqueous buffer solution. Computational 

results based on density functional theory60 are combined with spectroscopic data to ascertain 
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characteristic vibrational motions that facilitate or accompany ESPT in GEM-GECO1. 

Particularly, the direct observation of relatively low-frequency modes in the excited state 

between 400 and 800 cm-1 provides new insights into the initial stage along the ESPT 

reaction coordinate, regarding nuclear motions of the chromophore in the H-bonding network 

inside the protein pocket and intramolecular coupling between various vibrational motions. 

 

A. UV/Vis and Fluorescence Spectroscopy 

The electronic absorption and emission spectra of GEM-GECO1 protein samples with 

and without Ca2+ in aqueous buffer solution are measured and compared in Figure 1c (also 

see Figure S1 in the Supporting Information). The GEM-GECO1 protein has the same 

Ser-Tyr-Gly (SYG) chromophore as wtGFP40,65 and exhibits similar absorption maximum at 

~398 nm and green fluorescence at 512 nm in the absence of Ca2+. Also, GEM-GECO1 

shows no significant absorption near 476 nm, which is commonly assigned to the 

deprotonated chromophore (B state) that has a lower lying electronic excited state than the 

protonated chromophore (A state). Its singular absorption peak at ~400 nm thus corresponds 

to the A#A* (the first singlet excited state, S1, of the protonated chromophore) transition, 

and the protonated chromophore is favored in both the Ca2+-free and bound protein at the 

electronic ground state (S0, see Figure 1c).61 The dominant green fluorescence in the 

Ca2+-free protein infers that A* converts to an excited intermediate deprotonated state (I*) via 

ESPT after 400 nm photoexcitation, and the I*#I transition of the chromophore emits redder 

to the A*#A transition.39 The quantum yield for this large Stokes shift green fluorescence is 

0.31, lower than 0.8 for wtGFP,6,28 which we attribute to labile water molecules participating 
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in the ESPT chain and fluorescence quenching in the Ca2+-free GEM-GECO1.36,37 

 

Figure 1. Illustrative structure of the GEM-GECO1 biosensor for Ca2+ imaging and its electronic 

spectroscopy results. (a) Protein structure of GEM-GECO1 in the Ca2+-bound state as represented by 

the analogous GCaMP2 (PDB ID 3EVR)36 with the circularly permutated GFP (cpGFP) !-barrel in 

green, the CaM domain in red, the M13 peptide in blue, and the calcium ions bound to CaM in yellow. 

The structure is rendered using VMD.66 The embedded chromophore near the !-barrel opening is 

indicated by the orange box. (b) Molecular structure of the SYG chromophore. The methyl group of 

Thr223 is replaced by an H atom without further structural modification to obtain the SYG 

chromophore. The connections to the protein backbone are capped with CH3CO at the N terminus and 
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NHCH3 at the C terminus, respectively. The $ (N1–C1=C2–C3) and % (C1=C2–C3–C4) dihedral angles 

are also shown. (c) Normalized UV/Vis absorption spectra of the Ca2+-free (green solid curve, left 

axis) and Ca2+-bound (blue solid curve) GEM-GECO1. The steady-state relative emission spectra of 

GEM-GECO1 (&ex = 400 nm) in the absence (green dashed curve, right axis) and presence (blue 

dashed curve) of Ca2+ show dramatic differences. 

 

Upon Ca2+ binding to the remote CaM domain (Figure 1a), the absorption and emission 

maximum of the GEM-GECO1 chromophore blueshifts to ca. 391 and 462 nm, respectively, 

showing that the potential energy surface (PES) of the chromophore is modified in the 

excited state. The broader emission peak width in the Ca2+-bound protein is likely due to the 

inhomogeneity of the chromophore local environment as large structural rearrangements 

occur after Ca2+ binding. The ~462 nm blue fluorescence of the Ca2+-bound protein directly 

arises from the radiative decay of A*#A in the absence of ESPT. However, the small 

emission shoulder at ~507 nm is attributed to green fluorescence,52,67 indicating that some 

ESPT still manages to occur in the Ca2+-bound protein, which also corroborates the intrinsic 

inhomogeneity of the protein complex. Notably, the fluorescence intensity of the Ca2+-bound 

protein is much weaker than that in the Ca2+-free protein. This decrease of quantum yield 

(0.18, measured at the 455-nm emission peak)28 argues that blue emission is competing with 

other nonradiative pathways to dissipate photoexcitation energy in the chromophore pocket. 

 

B. Ground State and T=0 fs Excited State FSRS Spectra 

As previously reported,61 the ground-state Raman spectra of GEM-GECO1 without and 
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with Ca2+ are largely similar due to a primarily conserved protein pocket where the 

chromophore is embedded. The relatively low signal-to-noise ratio in Figure 2 could 

contribute to some observed spectral variations between the two protein samples. To illustrate 

the difference in electron redistribution over the chromophore after photoexcitation, we 

compare the Raman spectra of GEM-GECO1 both without and with Ca2+ in S0 and S1 at T=0 

fs (Figure 2). The ground-state Raman spectra above 800 cm-1 are similar to our earlier work, 

which focused on the high-frequency region, i.e., ~800—1700 cm-1. 

 

 

Figure 2. Comparison of the ground-state and T=0 fs excited-state FSRS spectra of the Ca2+-free and 

bound GEM-GECO1. For the Ca2+-free protein, the S0 spectrum (black solid trace, upper panel) is 

overlaid with the S1 spectrum at photoexcitation time zero (green solid trace). For the Ca2+-bound 

protein in the lower panel, the S0 and S1 (T=0 fs) spectra at time zero are shown by the black and blue 

solid traces, respectively. Two marker bands below 600 cm-1 are shaded with orange gaussian-fitted 

peaks in S0, which are greatly enhanced in S1. Prominent vibrational modes are indicated by vertical 
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dashed lines with their frequencies labeled above. The double-arrowed black vertical line represents 

the absolute stimulated Raman gain strength of 0.01%. A rearranged version of this figure that 

directly overlays the two S0 spectra (Ca2+ free vs. bound) and two S1 spectra at T=0 fs (Ca2+ free vs. 

bound) for comparison is shown in Figure S4 in the Supporting Information. 

 

For both the Ca2+-free and bound proteins, the observed Raman signal in S1 is stronger 

than S0 even though we estimate (from the small dips corresponding to ground-state depletion 

in the time-resolved FSRS difference spectra) that only ~10% of the S0 population converts to 

S1 upon photoexcitation.42,62 This result confirms the resonance enhancement effect because 

the 800 nm Raman pump pulse is close to a broad excited-state absorption peak of the SYG 

chromophore, which is at ~900 nm in wtGFP.42 In contrast, the relatively weak S0 spectrum is 

solely relying on two-photon absorption6,68 to enhance the Raman scattering signal because 

the S0%S1 transition of the chromophore is at ~400 nm (Figure 1c). When comparing the S0 

spectra between two samples, we note that the peak intensities are generally larger in the 

Ca2+-free protein than the Ca2+-bound protein, consistent with higher concentration of the 

Ca2+-free sample (estimates from the unnormalized electronic absorption spectra, see Figure 

S1 in the Supporting Information) that also has smaller molar extinction coefficient.28 Upon 

photoexcitation, the S1 spectral peaks in the Ca2+-bound protein become stronger than those 

in the Ca2+-free protein, which strongly argues that the resonance enhancement and/or 

enhanced Raman polarizability play a more significant role in the Ca2+-bound protein. The 

implication for the loss of the chromophore two-ring coplanarity will be discussed later. 

Previous research has reported Raman modes for the model chromophore and fluorescent 
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proteins,42,69-71 but the low-frequency motions are much less studied while computational 

results are prevalent in the literature.72-74 In this work, we focus on the excited-state 

vibrational motions below 800 cm-1, including ca. 460, 504, and 715 cm-1 modes, mainly 

associated with ring in-plane deformation and ring-H out-of-plane (HOOP) wagging motions 

of the chromophore (Table 1). Following 400 nm photoexcitation, the Ca2+-free/bound 

GEM-GECO1 exhibits noticeable changes in the low-frequency region: the 448/450 cm-1 S0 

mode promptly blueshifts to 455/465 cm-1, the adjacent 507/509 cm-1 mode shows a slight 

redshift to 503/504 cm-1, and the weaker 750 cm-1 mode redshifts to 715 cm-1. All these lower 

frequency S0 modes are greatly enhanced in S1 (A* state), similar to the high-frequency 

modes, but the detailed mode kinetic analysis shows clear differences (see below). 

 

C. Computational Results for the Vibrational Normal Modes in S0 and S1 

Density functional theory (DFT) calculations are implemented to correlate specific 

molecular motions with the observed vibrational modes in the FSRS spectra. In the absence 

of a crystallographic structure for GEM-GECO1, the initial chromophore structure (Figure 1b) 

is constructed in the Gaussian 09 suite program.60 We first perform DFT-B3LYP calculations 

with the 6-31G+(d, p) basis set on the S0 chromophore in vacuo to resemble the hydrophobic 

protein pocket. The S1 geometries are optimized by TD-DFT,75,76 and the vibrational normal 

mode frequencies are deduced on the basis of optimized structures. The output geometries in 

S0 after energy minimization yield nearly coplanar conformations between the phenol and 

imidazolinone rings (Table S1 in the Supporting Information), which support the 

'-conjugation across the ethylenic bridge of the double-ring chromophore. However, the 
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geometrically optimized structures in S1 show some degree of twisting.77,78 To approximate 

the excited-state I* structure, the same level calculations are conducted on the deprotonated 

chromophore (–1 charge, singlet) (Table S2). Detailed mode assignments for the observed 

vibrational modes are listed in Table 1, and depicted in Figure S5 in the Supporting 

Information. In particular, we find that the 448/450 and 507/509 cm-1 modes in S0 have more 

OOP motions while the 750 cm-1 mode mainly involves in-plane imidazolinone ring 

deformation of the chromophore. It is consistent with the ground-state FSRS spectrum 

(Figure 2) showing stronger peak intensities for the two lower frequency modes because the 

Raman polarizability is typically larger for OOP motions.55,79 This trend remains valid in S1. 

We also perform the same level of DFT calculations on the chromophore with twisted $ 

and % dihedral angles as labeled in Figure 1b. It has been reported80,81 that the GFP 

chromophore loses the '-conjugation between the phenol and imidazolinone rings when 

reaching S1 (consistent with our calculation trend in Table S1), which allows the $ (exocyclic 

C=C bond torsion) and % dihedral angles to rotate away from coplanarity. Most molecular 

mechanics calculations reveal that the $ and % torsions proceed in opposite directions in a 

protein environment, e.g., a clockwise (+) $ twist and an anticlockwise (–) % twist.82,83 To 

understand the primary molecular geometry changes in our experiment, we twist the 

optimized structure of the chromophore from S0 calculation and freeze the $ and % dihedrals 

to various angles. DFT calculations are then performed in S0 because most of the lower 

frequency collective motions have similar vibrational frequencies upon electronic excitation 

and the calculations can proceed more efficiently. Additional TD-DFT results are also 

obtained at three representative twisting geometries in S1. As shown in Table S1, the 
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calculated lower frequency mode frequencies vary to some extent particularly for the 527 and 

675 cm-1 modes. Notably, these frequencies are obtained for the geometrically optimized 

chromophore structure in vacuo in S1, which cannot be quantitatively compared to the initial 

stage (e.g., <200 fs) FSRS mode frequencies of the chromophore in the protein pocket 

following photoexcitation. This is because even though electronic redistribution occurs 

promptly, the chromophore does not have enough time to equilibrate in S1 on that ultrafast 

timescale so its nuclear coordinates still largely resemble those in S0. The trend of mode 

frequency change is the important parameter we use to correlate with experimental 

observations at later time (i.e., on the sub-ps to ps timescale). 

 

D. Time-Resolved Excited-State FSRS Spectra Before Fluorescence 

The time-dependent FSRS spectra are presented in Figure 3 as a stacked plot, providing a 

vivid molecular movie about the excited-state conformational dynamics of the Ca2+-sensing 

CaM-GFP complex. The focus here is on the prominent lower frequency modes of 

GEM-GECO1 and how they respond to Ca2+ in the photoexcited state. Markedly, the 

excited-state FSRS spectra of the Ca2+-free and bound GEM-GECO1 exhibit an array of 

positive features immediately following 400 nm photoexcitation. These vibrational features 

in the ca. 800—1350 cm-1 spectral region, highlighted by the red rectangle, are consistent 

with the FSRS data we collected within a spectral window from ca. 800—1700 cm-1 albeit 

with slight differences in the mode intensities.61 The FSRS peak intensity scales linearly with 

the number of Raman probe photons62,84-86 but the stimulated Raman gain should in principle 

be independent from the probe intensity (see Supporting Information). The prominent peaks 
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at ca. 455/465, 505/506, and 715/715 cm-1, labeled in the green/blue box for the 

Ca2+-free/bound protein (Figure 3) up to 600 ps, all emerge promptly (within the 

cross-correlation time of ~140 fs) together with the higher frequency Raman modes (see 

Figures S6–S8 for representative intensity kinetic plots) following photoexcitation. The 

intensities for all the excited-state vibrational modes are comparable to if not higher than 

those in S0 because of the resonance enhancement for the S1 Raman features. 

 

Figure 3. Time-resolved excited-state FSRS spectra of both (a) Ca2+-free and (b) Ca2+-bound 

GEM-GECO1 from –1.5 to 600 ps following 400 nm photoexcitation. The Raman pump is centered at 

802 nm. The buffer-removed ground-state FSRS spectra of the proteins are plotted at the bottom for 
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comparison within a spectral window of ca. 350—1400 cm-1. Every other time delay between the fs 

photoexcitation and Raman probe pulses is labeled on the right side of the spectra. Not all the time 

points are shown. The two red boxes enclose the high-frequency ( 800 cm-1) modes, while the large 

green/blue box in the Ca2+-free/bound spectra emphasizes the lower frequency modes. The small 

green rectangle in the upper right corner of (a) highlights the 1305 cm-1 mode of I* in the Ca2+-free 

protein. The center frequency of the prominent S1 modes throughout the detection time window is 

labeled on the top. The absolute Raman gain strength of 0.1% is shown with the double-headed arrow. 

 

The most striking difference between Figure 3a and 3b lies in the vibrational peak 

evolution. In the Ca2+-free protein, the modes associated with the chromophore A* state all 

show rapid decay while the 1305 cm-1 mode rises with the formation of the deprotonated I* 

state.42,61 However, in the Ca2+-bound protein, all modes across the detection window persist 

throughout the entire 650-ps observation time frame (limited by the 100-mm linear 

translation stage in our experimental setup), indicating that ESPT is hindered and the 

chromophore A* state directly emits blue fluorescence (see below for discussion). 

 

E. Dynamics of the Excited-State Low-Frequency Vibrational Modes 

To obtain the ultrafast dynamics of the collective skeletal modes for the GEM-GECO1 

chromophore, we perform the least-squares fitting to the time-resolved traces for three 

marker bands below 800 cm-1 (see Figure 3). Peak assignments are made on the basis of 

computational results for S1 modes (Table 1). Figure 4 shows the kinetic plots of three marker 

bands in both protein samples. The ultrafast rising component for the mode intensities is 
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within the ~140 fs cross-correlation time between the actinic pump and Raman probe pulses. 

For the 455/465 cm-1 mode in Figure 4a, both samples show similar initial decay time 

constant, ~1.3/1.4 ps for the Ca2+-free/bound protein, respectively. This stage corresponds to 

the chromophore moving out the FC region without significant nuclear motions,42 while the 

photoexcited wavepacket moves toward the lower portion of excited state (S1) PES. 

In contrast, the second decay component shows dramatic change upon Ca2+ binding, with 

the time constant of 45/410 ps for the Ca2+-free/bound protein (i.e., for the ~460 cm-1 mode), 

respectively. The 45 ps time constant is slightly longer than the previously reported time 

constant of ~30 ps attributed to ESPT in the Ca2+-free biosensor, derived from the kinetic 

analysis of high-frequency modes, i.e., >1000 cm-1.61 This result argues that the collective 

skeletal motions take more time than largely localized modes to respond to the A*%I* 

conversion and population changes as ESPT proceeds in the Ca2+-free GEM-GECO1, with a 

mostly coplanar chromophore. In contrast, the much longer second decay time constant for 

the Ca2+-bound protein suggests the inhibition of ESPT and existence of some nonradiative 

relaxation pathways, which may compete with blue fluorescence directly from the A* 

state.46,64,67 It is interesting to note that the second decay time constants are actually shorter in 

the 465 and 504 cm-1 modes than the other higher frequency modes in the Ca2+-bound protein. 

This reversed trend is likely correlated with the fact that in the absence of ESPT, the more 

twisted chromophore administers a faster decay of the collective skeletal motions within a 

trapped A* state due to their increased sensitivity to the electronic polarizability change and 

curvature of the excited-state PES.87,88 
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Figure 4. Time evolution of three relatively low frequency excited-state Raman modes in the 

Ca2+-free and bound GEM-GECO1 shows distinct pattern. Intensity kinetic plots of modes at (a) 455 

and 465 cm-1, (b) 505 and 506 cm-1, and (c) 715 and 715 cm-1 for the Ca2+-free (green) and bound 

(blue) proteins, respectively, in aqueous buffer solution following 400 nm photoexcitation up to 650 

ps. All the modes in both protein samples show double exponential decay (fits are shown in solid lines, 

and the experimental time zero retrieved from least-squares fitting is ca. –150 fs), but the second 

decay time for the Ca2+-bound protein is much longer than that for the Ca2+-free protein. The enlarged 

dynamics plot within 8 ps exhibits a similar initial relaxation phase (< 2 ps decay time constant, see 

Table 1) regardless of Ca2+ binding (shown in the insets). The typical error bars (one standard 
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deviation of the gaussian-fitted peak area, at least three independent data sets) are shown for one time 

delay point in (a) and (b), and for all the data points in (c) where the peak intensity is weaker. The 

absolute magnitude of the Raman integrated gain is noted in each subfigure as the vertical 

double-arrowed line. The apparent larger spread of data points in the insert of (c) is due to mode 

intensity quantum beating (Figure S6) on the sub-ps to ps timescale. 

 

All three vibrational modes in S1 below 800 cm-1 manifest a biphasic exponential decay 

(Figure 4) with time constants listed in Table 1. The dynamics similarity is correlated with 

the fact that these modes represent delocalized skeletal motions. The components of phenol 

ring HOOP and hydroxyl rocking for the 460 cm-1 mode are closely related to the phenolic 

proton motions of the chromophore, so its high sensitivity to the proton-coupled electronic 

redistribution may contribute to its relatively faster relaxation. In contrast, the slightly longer 

decay time constants of the 504 cm-1 mode are consistent with its assignment of involving 

more ethylenic-bridge HOOP motions. The inclusion of serine sidechain O–H wagging in the 

504 cm-1 mode implies that the chromophore motions are not limited to the phenolic end to 

search phase space for ESPT, instead, the other end of the proposed ESPT chain in the 

protein pocket also experiences ultrafast conformational changes and may accompany ESPT 

in a concerted manner.39,53,65,89,90 

Figure 4c presents the kinetic plot of the 715 cm-1 mode in S1, which involves strong 

imidazolinone-ring deformation, bridge CH motion, and phenol ring-H rocking (Table 1). 

The biexponential decay time constants are 1.8/2.0 and 120/670 ps for the Ca2+-free/bound 

protein. The much longer decay time constants in comparison to those for modes below 600 
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cm-1 are likely due to the nature of the normal mode involving more imidazolinone ring 

motions. It is known that the primary ESPT step initially involves the departure of the 

phenolic proton, and the increasing negative charge on the phenolic hydroxyl oxygen atom 

transfers back to the aromatic ring system (i.e., the phenolic ring, then the imidazolinone 

ring).91,92 The 715 cm-1 mode may also survive the ESPT barrier crossing to a larger extent 

and show similar frequency in the I* state, leading to an apparently lengthened decay. 

Interestingly, calculation results (Table S2) indeed show little frequency difference (4 cm-1) 

for this mode between the protonated and deprotonated chromophore in S1. 

Notably, the 715 cm-1 mode exhibits spectral oscillations (quantum beats) within 2 ps 

following photoexcitation. The involvement of bridge CH motions may contribute to the 

sensitivity of the mode polarizability to electronic redistribution over the two-ring system. In 

the Ca2+-free protein, the mode intensity manifests an oscillatory pattern with a reproducible 

period of ~200 fs (Figure S6). Discrete Fourier transform (DiFT) is performed on the 

coherent oscillatory residual after removing the incoherent rise and decay component. A 

dominant ~175 cm-1 peak is revealed, corresponding to an in-plane phenol-ring rocking 

motion about the bridge carbon corroborated by TD-DFT calculations. Our previous 

observation of the oscillatory 819, 885, and 967 cm-1 modes lends further support to this 

viewpoint as they also involve ethylenic bridge motions.61 In the presence of Ca2+, the 

observed mode oscillation does not have one constant period. The DiFT result exhibits 

several underlying modulation modes between 100—300 cm-1 with approximately equal 

intensity, suggesting that the anharmonic coupling matrix between these vibrational 

modes93-95 on the S1 PES changes in response to Ca2+ binding at the CaM domain. 
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An interesting finding is that the 455 and 503 cm-1 modes in the Ca2+-free protein do not 

exhibit significant spectral oscillations within the first 2 ps, indicative of a complex 

anharmonic coupling matrix in which not all the vibrational modes are effectively modulated 

by one dominant low-frequency mode.96 We consider that the weak coupling between certain 

vibrational modes is governed by the local environment and the nature of pertaining atomic 

motions. For instance, the involvement of phenolic hydroxyl rocking in the 455 cm-1 mode 

makes it less sensitive to the phenolic ring rocking, while the concentration of the 503 cm-1 

mode on the serine hydroxyl on the opposite ring diminishes its correlation to the phenolic 

rocking motions. FSRS results on another related GECO protein biosensor G-GECO1.1 that 

is intensiometric28 show similar results of diminished spectral oscillations, which will be 

discussed in a future publication. 

One of the advantages of exploiting FSRS to elucidate photochemical events is the 

simultaneous observation of a wide array of transient vibrational modes in one data scan, 

afforded by the fs Raman probe pulse generated from supercontinuum white light.44,84,97,98 

With the focus on the lower frequency modes, we still observe the high-frequency marker 

bands within the broad spectral window and they offer desirable consistency to track 

photochemical reactions at the molecular level. The kinetic plots for two excited-state 

vibrational modes at 1180 and 1265 cm-1 are presented in the Supporting Information, 

Figures S7 and S8, respectively. They show similar biexponential decay time constants as 

those in our previous report,61 and clear intensity quantum beats in the Ca2+-free protein that 

arise from the dominant modulation mode at ~175 cm-1 (Figure S8). 
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F. Initial Frequency Blueshift of Two Vibrational Marker Bands in S1 

What are the primary structural events in the A* state of the chromophore before ESPT? 

A close inspection of the two marker bands at ~460 and 504 cm-1 in the first 1.5 ps following 

photoexcitation reveals characteristic frequency evolution (Figure 5). In Figure 5a, we note 

that the mode frequency is initially lower (by ~15 cm-1) in the Ca2+-free than Ca2+-bound 

protein. This observation is due to the mode composition involving collective motions on the 

phenol ring as well as the phenolic hydroxyl (COH) rocking, so a more hydrophilic 

environment such as the Ca2+-free protein pocket with labile water molecules supports more 

H-bonding and electron delocalization: the mode frequency becomes lower.99,100 Moreover, 

the Ca2+-bound protein shows a mode frequency blueshift from 458 to 466 cm-1 as the delay 

time changes from –200 fs to 1.5 ps, while the Ca2+-free protein shows a larger blueshift from 

443 to 456 cm-1. The smaller blueshift observed for the Ca2+-bound (8 cm-1) than the 

Ca2+-free protein (13 cm-1) is indicative of a more compact environment as the chromophore 

initially evolves on the S1 PES with Ca2+. A single exponential fit to the data traces yields ca. 

210/140 fs time constant for the mode blueshift in the Ca2+-free/bound chromophore. 

This dynamic timescale is intriguing because (1) it is fast compared to the vibrational 

period of skeletal motions (e.g., a 170 cm-1 mode corresponds to a vibrational period of ~200 

fs) and the frequency shows a monotonic change, so skeletal periodic motions cannot be the 

dominant cause; (2) it is fast in comparison to typical intra- or inter-molecular vibrational 

energy redistribution on the ps timescale;101-103 and (3) it is too slow for the electronic 

redistribution upon photoexcitation that typically occurs on the attosecond to femtosecond 

timescale.104-107 A logical explanation for this ultrafast time constant is pertaining to the 
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initial proton movement along pre-existing H-bonding chains, which typically occurs on the 

100 fs timescale (discussed in detail below).108-111 

 

Figure 5. Initial stage of the frequency evolution of three lower frequency excited-state vibrational 

modes. Kinetic plots of the center frequencies of modes at (a) 455/465 cm-1, (b) 503/504 cm-1, and (c) 

715/715 cm-1 for the Ca2+-free (green)/bound (blue) GEM-GECO1 following 400 nm photoexcitation 

up to 1.5 ps. The two modes below 550 cm-1 manifest a single-exponential blueshift from ca. –200 fs 

to 200 fs in (a) and (b), highlighted by the shaded light blue rectangle with the blueshift time constants 
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labeled therein. Considering the experimental time zero is ca. –150 fs from intensity least-squares 

fitting (Figure 4), the mode frequency starts to shift from ca. –50 fs that is consistent with the Raman 

probe pulse duration. The modes in the Ca2+-bound protein exhibit a relatively faster blueshift and a 

smaller frequency change than those in the Ca2+-free protein. In contrast, within the same time period, 

the 715 cm-1 mode in (c) shows a largely conserved frequency within experimental error, regardless of 

Ca2+ binding, denoted as a straight line through the data points. 

 

Figure 5b presents the kinetic data of the mode with the average (from –100 fs to 1 ps) 

frequency of 503/504 cm-1 for the Ca2+-free/bound protein, which displays a blueshift time 

constant of ca. 120/75 fs, both within the cross-correlation time. Though the Ca2+-free protein 

still displays a lower frequency initially, its difference from the Ca2+-bound protein (~10 cm-1) 

is less than the 460 cm-1 mode case (Figure 5a). The assignment of the 504 cm-1 mode (Table 

1 and Figure S5) involves bridge-HOOP and serine sidechain O–H wagging motions, which 

is farther away from the phenolic ring where the ~460 cm-1 mode is concentrated. Therefore, 

the faster blueshift of the 504 cm-1 mode is inconsistent with the picture of coherent proton 

motions only occurring at the phenolic hydroxyl end. In addition, the smaller magnitude of 

the mode blueshift is likely due to the mode composition with more imidazolinone ring 

contributions (see Supporting Information), because the photoexcited coherent proton 

motions at this end of the ESPT chain may be smaller in scale than the phenolic proton 

motions (i.e., the 460 cm-1 mode involves the phenolic hydroxyl in-plane rocking). 

We also analyze the frequency evolution of the 715 cm-1 mode within the initial ~2 ps, 

which evinces small oscillations but without marked blueshift or redshift (Figure 5c). We 
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surmise that this collective imidazolinone-ring deformation mode coupled with bridge CH 

motions is less sensitive to the charge transfer following initial coherent photon motions at 

both the phenol hydroxyl and serine sidechain hydroxyl end. Some cancellation effect may 

help explain the unchanged mode frequency in S1. This mode displays a noticeable blueshift 

if ring twisting occurs in S1 (Table S1) that is not observed in the experimental data, 

consistent with the restraint exerted by the protein matrix on the chromophore. 

 

IV. Discussion 

Due to the technical challenge of using long-wavelength IR pulses or the weak Raman 

scattering signals from conventional Raman, the low-frequency vibrational modes of a 

protein chromophore remain an underexplored subject.53,112-114 However, a detailed 

understanding of the functional role of skeletal motions that typically involve delocalized 

electrons and multiple atoms is instrumental to dissect the excited-state multidimensional 

PES and map the photochemical reaction coordinate leading to radiative/non-radiative 

relaxation. The question regarding the fluorescence modulation mechanism of this newly 

developed dual-emission Ca2+-sensor GEM-GECO1,28 really comes down to the role of 

characteristic atomic motions of the chromophore prior to and during ESPT. These motions 

are intimately correlated with the protein pocket that hosts the chromophore, which is 

essentially the active site of the biosensor that determines its macroscopic functionality.  

The main contribution of this work is the time-resolved analysis of a number of 

low-frequency vibrational modes of the chromophore inside a protein biosensor. In contrast 

to extensive literature studying fluorescent proteins in the electronic domain,39,45-49,115-117 the 
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results obtained using FSRS are unique because the pure excited-state vibrational motions 

can be revealed, while the signal-to-noise ratio is greatly improved due to resonance 

enhancement of S1 going to a higher lying electronic state (e.g., S2) with a suitable Raman 

pump. We capture the transient dynamics of lower frequency modes at ca. 460 and 504 cm-1 

in addition to the 715 cm-1 mode (Figures 3–5, and Figure S6 in the Supporting Information), 

together with temporal evolution of the high-frequency vibrational modes (Figures 3, S7, and 

S8). They are potentially modulated by the impulsively excited low-frequency modes below 

300 cm-1 in S1, enabled by the bandwidth of the ~40 fs photoexcitation pulse. These new 

results provide a more complete picture of ESPT in GEM-GECO1 starting from time zero of 

photoexcitation and evolving toward different fluorescent states, depending upon whether or 

not Ca2+ is allosterically bound to the CaM domain (Figure 1a). 

 

A. Evidence of a More Twisted Chromophore in the Ca2+-Bound Protein Biosensor 

From UV/Vis spectral analysis, the peak absorption of the Ca2+-free GEM-GECO1 at 

398 nm represents a redshift from the Ca2+-bound protein peak at 391 nm (Figure 1c), 

revealing a larger energy gap between S0 and S1 upon Ca2+ binding to the CaM domain. For 

the GCaMP family of proteins, the CaM domain wraps around the M13 peptide upon Ca2+ 

binding (Figure 1a), occluding the GFP !-barrel opening and changing the chromophore 

environment.28,36,37,61,118 In GEM-GECO1, structural rearrangement pushes several bulky and 

hydrophobic residues toward the existing H-bonding network around the chromophore,28 

disrupting its ESPT capabilities. In particular, Pro377 in the CaM domain close to the GFP 

interface likely repositions nearby methionine residues (e.g., M374, M375, and/or M379) to 
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increase the hydrophobicity of the GFP pocket. This different protein matrix exerts some 

strain on the chromophore, causing slight deviations from coplanarity that disrupt its 

'-electron delocalization across the two rings.83 A more twisted chromophore structure is 

thus expected for the Ca2+-bound protein in S0, and the destabilization energy for S1 is more 

than that for S0 owing to the photoacidity of the chromophore as well as a combination of 

steric, electrostatic, and specific interactions within the protein pocket.119 The evidence also 

appears in the FSRS spectra (Figure 2). Though the Ca2+-bound protein has slightly weaker 

Raman intensity in S0 due to lower concentration (Figure S1), it actually shows stronger 

intensity than the Ca2+-free protein in S1 at photoexcitation time zero. This intensity increase 

can be explained by the higher Raman polarizability in a more twisted, non-equilibrium 

chromophore structure in the photoexcited Ca2+-bound protein. Since it is the S1 Raman 

spectra at T=0 fs and no significant atomic motions are expected to occur, the twisted 

structure of the chromophore two-ring system should already exist in S0. 

Following 400 nm photoexcitation, will this twisted chromophore undergo further torsion 

or revert back to a coplanar conformation to undergo ESPT? This type of structural dynamics 

insights should be retrievable from the frequency evolution of the low-frequency vibrational 

modes of the photoexcited chromophore. We first compare the FSRS spectrum in S0 vs. S1 

(T=0 fs): the 448/450 cm-1 mode blueshifts to 455/465 cm-1 in Ca2+-free/bound proteins, and 

the close resemblance of the blueshift indicates that the chromophore undergoes similar 

electronic redistribution upon photoexcitation. The lower average frequency for this mode in 

the Ca2+-free vs. bound protein suggests that the phenolic hydroxyl proton is in a more 

H-bonding environment without Ca2+ binding, hence leading to a more deprotonated 
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chromophore in the excited state (Table S2). In contrast, the nearby 504 cm-1 mode does not 

show significant frequency shift from S0 to S1, and it also displays a smaller magnitude of the 

initial mode blueshift in S1 (Figure 5b). This observation indicates that the photoinduced 

electronic redistribution exerts less influence on the bridge HOOP and serine sidechain OH 

motion in comparison to the more phenol-ring-concentrated mode at lower frequency. 

Moreover, the ultrafast frequency shift recorded on the <200 fs timescale (Figure 5) is 

associated with the small-scale coherent proton movement through low-barrier H-bonds, 

without major structural rearrangement that occurs on a significantly longer timescale.120 This 

process is likely accompanied by the onset of other low-frequency skeletal motions, which 

modulate the conformation of the chromophore including its H-bonding network with 

surrounding solvent molecules and protein residues to dissipate photoexcitation energy.42,79 

Following the aforementioned initial mode blueshift within ~200 fs, these vibrational 

marker bands do not exhibit additional frequency shift (Figures 3 and 5), suggesting that the 

chromophore does not further twist in S1 in comparison to S0. The TD-DFT calculation 

results lend support to this point, as shown in Table S1 for the observed 715 cm-1 mode, its 

frequency increases by ~13 cm-1 in the hula-twisted chromophore22,46,82,121 ($ = 20º and % = 

–20º) than that in the excited-state coplanar chromophore. One of the extreme cases for such 

twisting is the cis-trans isomerization of the GFP model chromophore in solution, which 

renders the chromophore non-fluorescent.89,122 In contrast, it is reasonable to consider the 

protein matrix favorable for tuning the S1 PES of the chromophore to make it fluoresce 

efficiently, while disallowing large torsional motions due to steric hindrance. A recent report 

shows that upon chemical modification to conformationally lock a GFP-like synthetic 



 31 

chromophore, the ring coplanarity is maintained that effectively suppresses the 

photoisomerization-induced deactivation, leading to photolytic dissociation.123 

The observation of a more twisted chromophore conformation in S0 and S1 with Ca2+ 

provides a solid basis for understanding the dual-emission behavior of the GEM-GECO1 

biosensor. In addition to the more hydrophobic environment created by pushing in 

hydrophobic/non-polar residues and reducing water molecules from the protein pocket, the 

twisted chromophore may have difficulty aligning with the few remaining and less mobile 

proton acceptors such as H2O (vs. the Ca2+-free case). The significant increase of the ESPT 

barrier will trap the twisted chromophore in A* after its initial wavepacket moves out of the 

FC region, which involves small-scale proton motions at both ends of the chromophore, but 

without the subsequent large-scale proton transfer via a coordinating ESPT chain. 

 

B. Multi-Staged Structural Evolution of the Chromophore prior to ESPT 

Upon 400 nm fs laser irradiation, the chromophore undergoes vertical excitation and 

electronic redistribution promptly, entering a non-equilibrium state that evolves in S1. The FC 

dynamics then dominate the initial wavepacket motions, leading to the ultrafast blueshift of 

the observed lower frequency modes in both Ca2+-free/bound proteins as seen in Figure 5. 

This suggests that the chromophore in S1 initially undergoes coherent proton motion that 

induces charge transfer, a phenomenon characteristic of the photoacidity of the chromophore 

with phenolic hydroxyl groups.91,92,124 Concerted electron-proton transfer has been observed 

for H-bonded dyes in the optical intramolecular charge transfer excitation using transient 

absorption techniques.125 In our system, the GFP chromophore in the optically populated 



 32 

locally excited state (LE, 1!!* characteristics) can efficiently transition into an energetically 

close charge transfer state (CT, 1!"* characteristics)81,126 on the ~100 fs timescale by 

involving small-scale proton motions.108 This transition may strongly affect the 460 cm-1 

mode dynamics because it mainly involves phenol ring motions that are closer to the phenolic 

hydroxyl end, accompanied by charge transfer from the hydroxyl oxygen toward the 

conjugated ring system.91,125 The larger blueshift amplitude for the Ca2+-free (~13 cm-1) than 

the Ca2+-bound protein (~8 cm-1) indicates that the coherent proton motion in S1 has a larger 

magnitude in the Ca2+-free construct, consistent with the fact that GEM-GECO1 without Ca2+ 

has more CT characteristics in its specific protein environment, capable of undergoing ESPT 

on the ps timescale to reach the green fluorescent state. 

It is notable that although the Ca2+-bound protein emits blue fluorescence with ESPT 

inhibition, its chromophore is still in a H-bonding network in S0 as evinced by the similarity 

of the UV/Vis spectrum and ground-state FSRS spectrum between the Ca2+-free and bound 

proteins. The initial proton motion is expected to occur in a pre-existing H-bonding chain of 

both proteins, away from the chromophore and toward the proton acceptor(s). Such ultrafast 

proton motions have been observed in proton-coupled electron transfer reactions that 

manifest non-equilibrium dynamics where the traditional Born-Oppenheimer separation 

between electronic and nuclear motions may break down for light-mass hydrogen 

nuclei.125,127 Moreover, the insensitivity of this early-stage proton motion promptly following 

photoexcitation to the subsequent difference in energy dissipation pathways attests the 

necessity to distinguish between the chromophore photoacidity and ESPT capability. The 

propensity of a photoacidic chromophore to push away a proton is an intrinsic molecular 
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property in S1, no matter the local environment supports it or not. This is corroborated by our 

previous observation of the formation of a transient pyranine-methanol complex in S1 with 

proton shuttling motions64 despite the hindrance of ESPT. In contrast, the ESPT process 

intimately involves contributions from surrounding molecules which, depending upon the 

strengths and flexibilities of proton donors and acceptors, manifest as observable spectral 

features on a multitude of ultrafast timescales from fs to hundreds of ps.42,62-64,105,108,128-139 

Interestingly, the 504 cm-1 mode does not involve the phenolic hydroxyl motions, but it 

exhibits a frequency blueshift on a faster timescale (~100 fs) than the 460 cm-1 mode (~170 

fs). This result strongly argues against a picture of proton motions solely occurring at the 

phenolic hydroxyl end because that will lead to a slower response time for the 504 cm-1 mode 

to exhibit clear frequency shift. A logical explanation is that the serine sidechain hydroxyl 

closer to the imidazolinone moiety also undergoes coherent proton motion upon 

photoexcitation. The resultant 504 cm-1 mode blueshift shows faster dynamics than the 460 

cm-1 mode in both Ca2+-free/bound proteins (Figure 5), which reflects the influence of the 

surrounding protein environment on the chromophore motions starting from time zero. 

This ultrafast stage of S1 vibrational mode frequency shift is a new observation in this 

work. In the previous FSRS data on wtGFP,42 frequency oscillations of two high-frequency 

(e.g., ~1262 and 1565 cm-1) modes were observed on the sub-ps timescale, but there was no 

obvious mode frequency shift within the first ~200 fs. It is understandable that small-scale 

coherent proton motions may affect the low-frequency (<600 cm-1) and high-frequency 

(>1000 cm-1) modes in different ways, however, the 1262 cm-1 mode was assigned to the 

phenolic C–O stretch and it is hard to argue that its frequency is insensitive to phenolic 
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proton motions. From crystal structures of wtGFP,40,41,65 the phenolic hydroxyl forms a 

H-bond with a conserved H2O molecule located above and to one side of the phenol ring, 

which restricts the onset of ESPT along a ring-wagging-mediated reaction coordinate.42 In 

GEM-GECO1, there is no conserved H2O molecule around the phenolic hydroxyl end due to 

the !-barrel opening, indicative of a more flexible H-bonding network between the 

chromophore and protein matrix. The DiFT analysis of the 715 cm-1 mode intensity 

oscillations as well as molecular dynamics simulation results61 all support that the initial 

ESPT in the Ca2+-free GEM-GECO1 is along a phenol ring rocking coordinate. Consequently, 

the reduced transition barrier for the initial largely in-plane proton transfer leads to a distinct 

reaction stage that phenolic proton moves along the pre-existing H-bonding chain, in concert 

with the serine sidechain hydroxyl proton motions on the sub-200 fs timescale. While this 

photoacidity-dominant phase is rapidly over, a coherent low-frequency mode (i.e., ~175 cm-1) 

works to facilitate ESPT on the hundreds of fs to a few ps timescale (Table 1, Figures S6 and 

S8) before the impulsively excited vibrational coherence decays away. 

In contrast, immediately following photoexcitation that redistributes the electrons over 

the conjugated chromophore in wtGFP, the relatively large reaction barrier to transfer the 

phenolic proton to an out-of-plane H2O acceptor hinders a distinct initial stage for proton 

motion. Rather, the photoinduced coherent low-frequency motions kick in promptly to search 

phase space and optimize the relative geometry between the phenolic hydroxyl and 

surrounding proton acceptors. Once the ESPT chain involving the conserved H2O molecule 

and nearby heavy atoms such as serine and glutamic acid is optimized, proton transfer occurs 

efficiently over larger distances in the wtGFP pocket on the ~5 ps timescale.42 
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C. Effect of Protein Environment on the ESPT Capability of GEM-GECO1 Biosensor 

The time-resolved FSRS measurement provides direct visualization of the dramatic 

effect of varied protein environment on ESPT processes responsible for the fluorescence 

modulation. For the Ca2+-free protein, all lower frequency marker bands promptly emerge 

after photoexcitation and decay away within ~150 ps (Figures 3 and 4), indicating that ESPT 

is the primary pathway to release photoexcitation energy and an intermediate deprotonated 

chromophore emits green. In the Ca2+-bound protein, the same vibrational modes persist over 

the entire detection time window of 650 ps, revealing the absence of ESPT so blue 

fluorescence from the A*%A transition dominates (Figure 1c). 

In comparison to the reported high-frequency modes for both Ca2+-free and bound 

proteins,61 the dynamics for the three marker bands in this work exhibit longer decay time 

constants. This is because the lower frequency modes involve more ring deformation motions 

and their collective nature leads to slower evolution of nonlinear Raman polarizability. From 

the mode composition in Table 1 and Figure S5, we find the 715 cm-1 mode to be mainly 

associated with the imidazolinone ring in-plane deformation and bridge CH motions, while 

the 460 and 504 cm-1 modes largely involve HOOP motions on the phenol ring. The longer 

decay time constants for the former mode than the latter modes are thus indicative of more 

electronic and conformational changes at the phenol ring than the imidazolinone ring, and 

more proton transfer motions at the phenolic end than the other end of the chromophore. It is 

also notable that ESPT in the Ca2+-free protein is accompanied by the motions of surrounding 

heavy atoms such as protein residues along the ESPT chain. They need to rearrange to 

accommodate a conformationally varying but still largely coplanar chromophore, which can 
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take tens of ps to transfer the proton in condensed phase.42,129,140 However, the Ca2+-induced 

change of the protein pocket conformational and electrostatic phase space dictates that the 

second decay time constants observed for the Ca2+-bound protein are much longer than the 

Ca2+-free protein (Table 1). This can be attributed to a much increased barrier to I* so the 

trapping at A* leads to blue fluorescence. A detailed discussion on the GEM-GECO1 

fluorescence modulation mechanism with a series of site-specific mutagenesis results and 

molecular dynamics simulations can be found in our earlier report.61 

After the initial proton motion in the first sub-200 fs, we observe the intensity oscillation 

of the 715 cm-1 mode in Ca2+-free and bound proteins (Figure S6). The DiFT analysis yields 

the modulating low-frequency modes. Without Ca2+, there is one prominent mode at ~175 

cm-1, the in-plane phenol ring rocking motion, likely providing directivity for the wavepacket 

moving out of the FC region toward ESPT barrier crossing. Upon Ca2+ binding, there are 

multiple competing modes below 300 cm-1 that result in an irregular oscillatory pattern in the 

first 2 ps. The fact that the 715 cm-1 mode shows clear oscillations while the 460 and 504 

cm-1 modes do not, suggests a complex anharmonic coupling matrix between various 

vibrational normal modes42,61,87,113,141,142 to project differently onto the multidimensional 

reaction coordinate of ESPT in the dynamic protein environment. 

Notably, the second decay time constant that corresponds to ESPT in the Ca2+-free 

GEM-GECO1 (~50 ps) is much longer than its counterpart in wtGFP (~5 ps). There seems to 

be some discrepancy with the aforementioned coherent proton movement that is prominent 

within 200 fs upon photoexcitation in the Ca2+-free GEM-GECO1, but it is actually an 

indication of the multi-staged structural evolution that accompanies ESPT in these 
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constrained protein environments. The initial proton movement that induces the observed 

frequency blueshift of the 460 and 504 cm-1 modes is made possible by the pre-existing 

H-bonding chain that connects the phenolic hydroxyl group and the nearby in-plane serine 

residue (Ser118 in GEM-GECO1) via an intervening H2O molecule.61 However, a significant 

portion of proton transfer can only occur on a much longer timescale when the nearby protein 

residues including Ser118 and Glu135 as well as bridging H2O molecules are geometrically 

optimized along the dynamic ESPT chain. In other words, the proton needs to be transferred 

farther away from the phenolic end toward the imidazolinone end of the chromophore to 

overcome the ESPT barrier. The significantly decreased ESPT rate in the Ca2+-free 

GEM-GECO1 (vs. wtGFP) can thus be mainly attributed to labile H2O molecules in the 

protein pocket because of its large !-barrel opening, even though the chromophore initially 

adopts a mostly in-plane phenolic ring rocking motion to facilitate ESPT. 

 

V. Conclusion 

In this contribution, we have used time-resolved FSRS to elucidate the multidimensional 

reaction coordinate for ESPT in a dual-emission Ca2+-biosensor GEM-GECO1. Deeper 

structural dynamics insights are provided by the kinetic analysis of spectral signatures of 

several excited-state vibrational marker bands below 800 cm-1. In difference from the 

previously reported modes above 1000 cm-1, these lower frequency modes represent 

collective skeletal and HOOP motions that may be more sensitive to electronic redistribution 

over the chromophore ring system induced by initial coherent proton motions. The frequency 

blueshift of both 460 and 504 cm-1 modes within ~200 fs upon photoexcitation strongly 
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argues that some small-scale proton movement induces charge transfer from the phenolic 

hydroxyl end and the Ser223 hydroxyl end toward the chromophore ring system, effectively 

moving the photoexcited wavepackets from an LE to CT state on the excited-state PES. This 

represents a portion of the reaction coordinate that is largely insensitive to the protein 

environment. Once there, coherent low-frequency mode such as the ~175 cm-1 phenol ring 

rocking motion facilitates the optimization of the ESPT chain involving protein residues 

(Ser118, Glu135) and labile H2O molecules in the Ca2+-free protein, which overcomes the 

main ESPT reaction barrier and reaches the deprotonated fluorescent state to emit green. 

For the Ca2+-bound GEM-GECO1 with an altered protein pocket, the embedded 

chromophore adopts a more twisted conformation in S0, which does not twist further in S1. 

The frequency blueshift of the 460 and 504 cm-1 modes with faster time constant and smaller 

magnitude reveals that upon Ca2+ binding at the CaM domain, the GFP chromophore 

responds by implementing similar initial proton motions on a smaller scale following 

photoexcitation. Several coherent low-frequency modes below 300 cm-1 are retrieved from 

the intensity quantum beats of the 715 cm-1 mode, which suggest that anharmonically coupled 

“soft” low-frequency modes are collectively required to dissipate photoexcitation energy in 

lieu of ESPT. The fluorescence modulation mechanism in the GEM-GECO1 biosensor for 

Ca2+ imaging thus provides a paradigm to investigate the intricate relationship between a 

photoacidic chromophore and a Ca2+-dependent protein environment, opening the door to 

mechanistically understand the structural dynamics basis and to rationally design the 

next-generation FP-based biosensors for metal-ion imaging in living systems. 
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Table 1. Kinetic data and vibrational mode assignment for three excited-state modes of 
GEM-GECO1 biosensor 

S1 

FSRSa 

(cm-1) 

S1 

Calc.b 

(cm-1) 

S0 

FSRS 

(cm-1) 

Kineticsc 

–Ca2+ 

Kineticsc 

+Ca2+ 

Vibrational mode 

assignment (major)d 

455e 

465f 
487 

448 

450 

(–) 1.3 ps (48%); 

45 ps (52%) 

(–) 1.4 ps (41%); 

410 ps (59%) 

Phenol ring HOOP, 

phenolic hydroxyl rocking, 

phenol ring deformation 

503 

504 
527 

507 

509 

(–) 1.4 ps (60%); 

50 ps (40%) 

(–) 1.5 ps (46%); 

430 ps (54%) 

Phenol ring HOOP and 

bridge-HOOP, serineg 

sidechain O–H wagging 

715 675 750 
(–) 1.8 ps (52%); 

120 ps (48%) 

(–) 2.0 ps (39%); 

670 ps (61%) 

Strong imidazolinone ring 

in-plane deformation, bridge 

CH motion, and small 

phenol ring-H rocking 

aThe frequency is reported as an average value of the FSRS vibrational mode frequencies 

between &100 fs and 1 ps to account for the spectral oscillatory behavior in the early time. 

bThe excited-state (S1) vibrational frequencies of a geometrically optimized neutral SYG 

chromophore are calculated with TD-DFT RB3LYP 6-31G+(d,p) in vacuo. The calculated 

frequencies are all multiplied by a typical scaling factor of 0.96. 

cThe modes listed are associated with A* state of the photoexcited protonated chromophore. 

dThe major components for the mode assignment are described in correlation with Figure S5 

in the Supporting Information. The largely coplanar two-ring system of the chromophore in 

the energy minimized, geometrically optimized structure is used to define the molecular 

plane. Therefore, the rocking/wagging represents the in-plane/out-of-plane (angular) bending 

motion, respectively. Due to the collective nature of these lower frequency vibrational 
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motions, we focus on the concentration of the modes on different parts of the chromophore as 

well as the involvement of phenolic hydroxyl, serine hydroxyl, and bridge CH atomic 

displacements in our interpretation of the time-resolved excited-state FSRS data. 

eThe stimulated Raman mode frequency in the Ca2+-free GEM-GECO1 protein biosensor. 

fThe stimulated Raman mode frequency in the Ca2+-bound GEM-GECO1 protein biosensor. 

gThis serine residue is part of the SYG chromophore (at the imidazolinone ring end) of 

GEM-GECO1. 

 

Supporting Information Available: Figures S1-S8 showing unnormalized UV/Vis spectra, 

time-resolved FSRS data in S1 with spectral baselines drawn, atomic displacements involved 

in three characteristic low-frequency modes, and kinetic plots of the excited-state FSRS 

marker band intensities of the Ca2+-free and bound GEM-GECO1 biosensor. Discrete 

Fourier-transform analysis of the mode intensity oscillations in the 715 and 1265 cm-1 Raman 

modes. Tables S1-S2 displaying computed vibrational normal mode frequencies in both S0 

and S1 of the SYG chromophore upon ring twisting and/or deprotonation. This material is 

available free of charge via the Internet at http://pubs.acs.org. 
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