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Tuning calcium biosensors with a single-site mutation: Structural
dynamics insights from femtosecond Raman spectroscopyt

Sean R. Tachibana,#’ Longteng Tang,+” Yanli Wang,” Liangdong Zhu,” Weimin Liu,* and Chong
Fang ™

Fluorescent protein biosensors are popular reporters for biological processes and life sciences, but their fundamental
working mechanisms remain unclear. To characterize the functional fluorescence events on their native timescales, we
implemented the wavelength-tunable femtosecond stimulated Raman spectroscopy (FSRS) to shed light on a blue-green
emission-ratiometric fluorescent protein based Ca® biosensor with a single Pro377Arg mutation. The transient Raman
modes of the embedded chromophore from ca. 1000—1650 cm exhibit characteristic intensity and frequency dynamics
which infer the underlying atomic motions and photochemical reaction stages. Our experimental study reveals the hidden
structural inhomogeneity of the protein local environment upon ca binding with the mutated arginine residue trapping
multiple chromophore subpopulations, which manifest distinct time constants of ~16 and 90 ps for excited state proton
transfer (ESPT) following 400 nm photoexcitation. The altered ESPT reaction pathways and emission properties of the Ca®*
biosensor represent the foundational step of rationally designing advanced fluorescent protein biosensors to tune their

www.rsc.org/

Introduction

Modern biological imaging and life sciences have benefited
tremendously from the development of fluorescent proteins
(FPs) and the FP-based biosensors."” Among them, genetically
encoded calcium indicators for optical imaging (GECOs) belong
to a family of circularly permuted (cp)FP-based biosensors.®”
The GECOs consist of three major subunits, calmodulin (CaM),
a binding client such as M13 peptide from myosin light chain
kinase, and cpGFP. As CaM binds calcium ions (Caz+), it wraps
itself around M13 and blocks the adjacent S-barrel opening
which affects the emission properties of the biosensor. These
highly functional protein biosensors have enabled advanced
bioimaging with different scanning and modelling procedures,
but their intrinsic fluorescence mechanisms remain one of the
crucial and governing aspects for future rational design. The
challenges to achieve such level of fundamental understanding
lie at the experimental difficulty of tracking atomic motions in
the electronic excited state.®> When such information becomes
available with the invent of suitable techniques, it is desirable
to examine the molecular structural dynamics basis with site
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functionalities by site-specifically altering the local environment (e.g., active site) of the embedded chromophore.

specificity so detailed reaction coordinates can be dissected
without overlapping contributions from a crowded protein
environment.”*® This unique line of inquiry is thus biophysical
chemistry in nature with a fundamental focus, making it an
indispensable integral part of chemical sciences. Furthermore,
instead of being a specialized effort to benchmark a model
system, the practical implications of our results in revealing
fluorescence modulation mechanisms and how they govern
the biosensor imaging properties are directly applicable and
beneficial for the broad science and engineering community.
To provide such mechanistic insights, we have developed
femtosecond stimulated Raman spectroscopy (FSRS)w’M'16 to
study a dual-emission ratiometric ca®* biosensor, GEM-GECO1,
with an autocatalytically formed Ser-Tyr-Gly (SYG)
chromophore.ﬁ'7 The FSRS technique enables us to go beyond
the UV-Visible and fluorescence spectroscopy showing that the
Ca’*-free biosensor emits green but changes to blue upon ca®
binding. Our key finding was that excited state proton transfer
(ESPT) in an “open” fbarrel on a ~30 picosecond (ps)
timescale generates a deprotonated chromophore that emits
green photons. With ca® binding, conformationally changed
CaM pushes its Pro377 to the interface, creating a hydrophobic
environment near the GFP chromophore and inhibiting proton
transfer.'”*® The dominant structural motion that guides GEM-
GECO1 out of the Franck-Condon (FC) region is a phenolic ring
rocking.17 This vibrational motion facilitates ESPT in the Ca>'-
free GEM-GECO1 biosensor as evinced by spectral oscillations.
Because ESPT is a ubiquitous process in FPs which determines
their overall function of fluorescence, this work holds a broad
impact for the FP researchers, engineers as well as users.
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Fig. 1 Structure and optical properties of the GEM-GECO1-P377R
biosensor. (a) The Ca*'-free (cyan, PDB ID 3EKJ) and bound (orange, ID
3EVR) parent GCaMP2 structures modelling GFP chromophore [CRO]
and CaM interfacial arginine residue highlighted by the coloured boxes.
Four Ca** binding sites are shown. (b) Normalized absorption (blue) and
emission (green) spectra of the biosensor in the Ca*'-free (solid) and
bound (dashed) state. The peak wavelengths are noted. The chemical
structure of the SYG chromophore (grey) is depicted in the insert.

To delineate the role played by Pro377, Campbell and co-
workers performed single-site mutagenesis at residue position
377 in GEM-GECO1, replacing proline with arginine (P377R).17
Our experimental approach is to collect the conventional FSRS
with an 800 nm Raman pumpm’17’19 to track the protonated
chromophore A* modes after photoexcitation of the P377R
(short for GEM-GECO1-P377R) biosensor, and then tune the
Raman pump to visible rangele'm'21 to track the deprotonated
chromophore I* modes as the ESPT reaction progresses. The
comparison between the Ca**-free and bound biosensors
infers calcium sensing mechanisms, while the contrast to GEM-
GECO1 biosensor elucidates the functional role of residue 377.
Notably, our recent results on an intensiometric biosensor G-
GECO1.1 concern a different TYG chromophore which has an
extra methyl group at the imidazolinone end.”® That is why we
focus our comparative analysis between GEM-GECO1 and its
P377R mutant (i.e., change of one residue) so we can reliably
discern the main effect of a single-site mutation in the vicinity
of the conserved SYG chromophore. The conformational states
and dynamics insights clearly involve the SYG chromophore
and ESPT time constants which underlie intrinsic fluorescence
modulation mechanism of the overall P377R biosensor.
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Results and discussion

A. Steady-state and time-resolved spectroscopic characterization
of the protein chimera biosensor in solution

Based on the parent GCaMP crystal structures in the Ca’'-free
state,zz'23 Arg377 is located in the CaM domain, far from the -
barrel opening and the embedded GFP chromophore (Fig. 1a).
The Ca®*-free P377R biosensor resembles GEM-GECO1 with
the absorption maximum at 399 nm and the fluorescence
maximum at 512 nm (Fig. 1b). Upon ca’’ binding, the peaks
blueshift to 392 and 506 nm, respectively, and the absorption
shoulder at ~482 nm shows a slightly increased deprotonated
chromophore (B) population in ground state (Sp). This blueshift
of electronic features is commonly observed in GECOs,7’17‘20
indicating a stabilized chromophore in the Ca’*-bound state
with more electrostatic interactions including H-bonding. This
creates a larger gap between Sg to the first singlet excited state
(S1). Meanwhile, the 460 nm emission shoulder represents a
subpopulation of protonated chromophore (A) that does not
undergo ESPT. This sharp contrast to GEM-GECO1 confirms the
importance of Pro377 for dominant blue emission with ca®" as
the chromophore is effectively trapped in A*. With Arg377,
such a trapping effect diminishes and the P377R mutant
becomes excitation ratiometric. The resultant biosensor can
achieve high imaging contrast by taking the ratio of excitation
ratios (e.g., emission at 512 nm with excitations at 450 or 395
nm) of the Ca**-bound over the Ca**-free biosensor.”

Though the biosensors are thermally equilibrated prior to
our spectroscopic measurement, the time-resolved FSRS setup
allows the collection of the non-equilibrium chromophore
conformational dynamics within the protein pocket following
400 nm photoexcitation. The 800 nm Raman pump is far away
from the absorption peaks of both A and B states, so the S,
Raman peaks are weak (see Fig. 2). However, the A* peaks are
pre-resonantly enhanced due to the excited state absorption
band around ~900 nm in FPs, previously observed by transient
absorption.lo’n‘20 This makes it possible to record the excited
state spectra without interference from the significant ground
state bleaching, and track the evolution of excited state Raman
modes during the A*—I* conversion as ESPT occurs.

The time-stacked spectral plot in Fig. 2 contains essential
information about transient structural motions during ESPT,
and the ~1180, 1545, and 1575 cm™ vibrational bands are
analysed to infer the photochemical reaction coordinate that
governs biosensor function. The broad baselines for raw data
(Fig. S1, ESIT) validate the enhanced S; Raman features, while
weaker peaks upon ca® binding may be due to lower sample
concentration, laser pumping efficiency, and varied resonance
Raman conditions of the altered chromophore environment.
We therefore focus on the kinetic analysis of Fig. 2a and 2b
individually. Moreover, in contrast to some other background
subtraction methods assuming a one-to-one correspondence
to transient absorption features or using complex filters that
lead to sharp turns in spectral baselines,24 our spline fitting
method has been field proven to yield reliable results for wild-
type GFP and the GEM-GECO1 biosensor,lo’17 which can be
compared and cross-checked with the current results.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Time-resolved excited state FSRS of GEM-GECO1-P377R biosensor in the (a) Ca**-free and (b) Ca’*-bound state from —400 fs to 500 ps after
400 nm photoexcitation. The Raman pump is at 800 nm. The bottom blue trace is the So spectrum with buffer subtracted. The black traces are the
excited state spectra with both the ground state and buffer subtracted. The Ca*'-free ground state is scaled by 0.6. The double-headed arrow
shows the Raman gain of 0.03%. Peak frequency shifts below 1600 cm* are denoted by black arrows. Marker bands are labelled by dashed lines.
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B. Frequency and intensity dynamics of vibrational marker bands
reveal structural inhomogeneity affecting the ESPT pathways

In the electronic ground state S, the 1567 cm™ peak is
attributed to the phenolic C=C and imidazolinone C=N
stretching motions of the chromophore. After 400 nm
photoexcitation, this mode shifts and significantly broadens,
which can be fit with two peaks and they gradually split with
time in S;. The lower-frequency mode redshifts while the
higher-frequency mode blueshifts (Fig. 3). From comparative
Gaussian TD-DFT calculations'”***® of the protonated and
deprotonated chromophore to assign the observed frequency
position and trend, besides the common C=C stretch, the 1545
cm™ mode involves the imidazolinone ring C=N stretch while
the 1575 cm™ mode involves the C=0 stretch (Table S1, ESIT).

This latter mode is newly observed in this work but not in
GEM-GECOl,17 indicating that the excited state C=0 stretching
mode is enhanced and further redshifted from its S, peak
location (~1660 cm'l) due to the P377R mutation. The
photoinduced electron redistribution could weaken the double
bond and cause the mode frequency redshift. The modified
local environment in S; may provide additional H-bonding to
the C=0 bond and also increase its electronic polarizability.
After photoexcitation of the Ca®'-free biosensor, this S; mode
blueshifts from ~1572 to 1584 cm™ with a 37 ps time constant

This journal is © The Royal Society of Chemistry 20xx

(Fig. 3b). In comparison, the Ca’*-bound biosensor shows a
similar blueshift from ~1571 to 1582 cm™ with a 44 ps time
constant. Both the trend and rate of the vibrational peak
frequency change are consistent with an ESPT reaction that
leads to deprotonation of the chromophore. The resultant
migration of the negative charge back to the conjugated ring
system (see the chromophore chemical structure in the Fig. 1b
insert) could increase the C=0 double bond character hence
the apparent mode frequency blueshift. The ~1 ps dwell time
for the exponential fit of the frequency dynamics is similar to
17,19-21 confirming that the blueshift is
preparation” stage.lo'26 We
consider that during the first 1 ps, the molecular system needs

other FP biosensors,

preceded by an initial structural “
to move out of the FC region with significant electron
redistribution and small-scale nuclear motions, which lead to
complicate
interpretation of the overall unchanged frequency dynamics

many competing factors and could robust
that are experimentally observed. As |* accumulates, the
mode frequency blueshift could involve vibrational cooling in
2730 Notably, the 1575 em™

mode intensity exemplifies complex dynamics (Fig. S2, ESIt)

I* state, typically on ps timescale.

which suggest contributions from both A* and I* states with
overlapping vibrational peaks. The double-exponential decay
time constants of ~600 fs (16% weight) and 32 ps (84%) are
accompanied by a 35 ps rise in the Ca’"-free P377R biosensor.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Time-dependent S, vibrational frequency shift tracks transient
conformational dynamics. (a) The redshift of the ~1545 cm™® mode in
the Ca*-free and bound P377R biosensor with the 32 and 43 ps time
constant, respectively. (b) The blueshift of the ~1575 cm™ mode in the
Ca”*-free and bound biosensor with the 37 and 44 ps time constant.
The error bars (1 s.d.) are shown. The solid curves are exponential fits.

The lower-frequency mode of this peak doublet redshifts
from 1545 to 1541 cm™ and 1543 to 1537 cm™ in the Ca**-free
and bound biosensors, respectively (Fig. 3a). The redshift time
constants from the least-squares exponential fit are 32 and 43
ps, which closely match the aforementioned blueshift time
constants thus support a common structural dynamics origin.

For further corroboration, we analyse the 1180 ecm™ mode
intensity dynamics which is also one of the most prominent
spectral features in such FP biosensors (see raw data in Fig. S1,
ESI’r).U’20 Notably, the Ca**-free biosensor exhibits a double-
exponential decay with 800 fs (60%) and 36 ps (40%) time
constants (Fig. 4a) whereas the Ca®*-bound biosensor exhibits
a triple-exponential decay with time constants of 660 fs (59%),
16 ps (19%), and 90 ps (22%) (for a less satisfactory double-
exponential fit, see Fig. S3, ESIT). The sub-ps time constants
are attributed to FC dynamics.lo'17 The 36 ps time constant in
the Ca’*-free sample is due to ESPT reaction,'” similar to the
redshift and blueshift time constants in Fig. 3. In comparison,
the two ps time constants of the Ca**-bound biosensor likely
arise from two different ESPT pathways. The faster component
is attributed to the slightly more deprotonated chromophore
population in A* (see the steady-state absorption spectrum in
Fig. 1b) and its stabilization by the positively charged Arg377.
Our previous work®®?! on an intensiometric FP biosensor G-
GECO1.1 lends support in that a more deprotonated
chromophore in the Ca®*-bound state exhibits faster ESPT time
constants. The longer, 90 ps time constant is due to the A*
subpopulation that is more protonated in Sy, reflected by the

4| J. Name., 2012, 00, 1-3

Page 4 of 9

View Article Online

DOI: 10.1039/C6CP08821J

blueshifted electronic absorption peak at 392 nm. The
apparent time constant of ~44 ps in Fig. 3 is largely consistent
with a weighted average of these two distinct ps time
constants. We note that these subpopulations arise from the
multiple A species underneath a common electronic
absorption band with a broad and asymmetric lineshape.

The structural inhomogeneity in the Ca”*-bound biosensor
is also inferred in peak widths (Fig. 2). The Ca’*-free peaks are
narrower than the Ca**-bound peaks in general. Because FSRS
measures the ensemble average, the observed broader peaks
indicate multiple subpopulations. For further comparison, we
implement the wavelength-tunable FSRS by keeping the
photoexcitation at 400 nm but tuning the Raman pump to 553
nm.?*3! Due to the pre-resonance match to the stimulated
emission band, the I* modes are enhanced (Fig. 4b). Similar to
the conventional FSRS data, the Ca’*-free peaks are narrower
and close in frequency (1336 and 1370 cm'l) whereas the Ca’*-
bound peaks are broader and more separated (1331 and 1383
cm'l) (see the peak width comparison from the least-squares

GEM-GECO1-P377R (a)

o =Ca®*

(m] +CaZ+

Raman peak intensity in S; (x10™)

0
1336 1370 Time delay (ps) 1381 1383 (b)
3 1267 /3 1271 ES
M 500ps
! 4 ! 400 ps
J\/\/\/w m o
I 1

W\M .
! 75 ps

50 ps

Stimulated Raman gain

125302 1 300 1350 1400 1250 1300 1350 1400 5
[-Ca®"] stokes Raman shift (cm') [+Ca™’]

Fig. 4 Intensity dynamics of A* in contrast to I* modes enhanced by
tunable FSRS methodology. (a) Integrated intensity plot of the ~1180
cm* marker bands in Ca**-free (red circles) and bound (black squares)
P377R biosensor from 200 fs to 500 ps. (b) Time-resolved excited state
FSRS data of the Ca”*-free and bound biosensor from 1220—1450 cm™
with the Raman pump tuned to 553 nm. The buffer and baseline-
subtracted S, spectra (blue) are plotted at the bottom and multiplied
by 10 to compare with the enhanced transient S; spectra (black).
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fits in Fig. S4, and major Raman mode assignment in Table S2,
ESIt). This result indicates that the two ESPT pathways are
largely independent of each other and the resultant transient
I* modes do not mix on the ps timescale. Molecular dynamics
simulations of GEX-GECO1, a similar excitation-ratiometric ca®*
biosensor with an SYG chromophore and Arg377,7 support the
inhomogeneity seen in P377R biosensor due to two different
0O--0 distances between the chromophore phenolic hydroxyl
group and the adjacent Serl118 along the ESPT chain.””*
Further analysis of enhanced I* modes will yield insights into
the ESPT reaction barrier crossing, vibrational cooling within
the I* state, and energy relaxation back to the ground state.

It is clear from the stationary absorption spectrum (Fig. 1)
that the P377R biosensor exhibits different ground state
chromophore populations including the protonated A (major)
and deprotonated B (minor) states. However, that is not the
structural inhomogeneity which can be ascertained from the
time-resolved FSRS (Figs. 2—4). In fact, because of the choice of
actinic pump wavelength at 400 nm, our FSRS spectra only
probe the excited state of the protonated species (A* state). In
consequence, the above-mentioned A subpopulations govern
the ESPT reaction pathways starting from photoexcitation time
zero and are thus highly relevant for the biosensor function.

View Article Online
DOI: 10.1039/C6CP08821J

C. Vibrational intensity oscillations on ultrafast timescales dissect
the ESPT reaction coordinates

One of the unique resolving powers of excited state FSRS is the
direct observation of vibrational quantum beats. %3323
Because the Ca’*-free GEM-GECO1 exhibits a dominant 174
cm™ phenolic ring rocking mode that gates ESPT by modulating
the distance between proton donor (chromophore hydroxyl)
and acceptor (e.g., bridging water molecules), we expect the
Ca’*-free P377R biosensor to maintain this pronounced
oscillation because the mutation site is far away from the
chromophore pocket (Fig. 1a). Indeed, the 1265 cm™ C-0
stretch and 1575 cm™ C=C/C=0 stretch mode intensities
exhibit out-of-phase oscillations that yield a ~184 cm™ mode
after fast Fourier transform (FFT) analysis (Fig. 5e). The
frequency difference from the 174 ecm™ mode in GEM-GECO1
may be due to some long-range interactions in the protein
mutant. In contrast, the Ca**-bound P377R biosensor exhibits
weaker and less clear oscillatory patterns with low-frequency
modulation modes retrieved at 57, 178, and 267 cm™ (Fig. 5f).
The 57 and 267 cm™ modes have phenol ring wagging
characters as corroborated by DFT calculations (see below).
These modes differ from those in the Ca**-bound GEM-GECO1
inhibits ESPT and

wherein the Pro377 residue leads to
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Transient Raman intensity quantum beats probe low-frequency modulation modes. Integrated intensity dynamics of the ~1575 cm?

mode in (a) Ca*'-free and (b) Ca**-bound P377R biosensor with data in red circles and black squares, respectively. The corresponding Raman gain
magnitude of 0.2% and 0.1% is denoted by the double-arrowed line. After removal of the incoherent rise and decay, e.g., red and black solid fit
curves in (a) and (b), the coherent residuals within ~2 ps for (c) Ca**-free and (d) Ca’*-bound biosensor are displayed. Clearer oscillations occur in
(c). Error bars are shown (1 s.d.). The FFT results of the residuals yield dominant modulation modes below ~300 cm™in the (e) Ca®*-free and (f)
Ca’*-bound P377R biosensor, with a conserved low-frequency mode at ~180 cm™'. The FFT experimental noise level is indicated by grey shades.
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significant blue fluorescence,17 which indicates that P377R not
only allows the biosensor green fluorescence, it also provides
(1) an increased structural inhomogeneity due to less solvent
access and less averaging in the chromophore vicinity,35 (2)
multiple ESPT pathways for the chromophore to lose its proton
as evidenced by the spectral data analysis of Figs. 2-5, and (3) a
more hydrophilic environment with stronger H-bonds involving
the positively charged Arg377 residue to help stabilize the
deprotonated FP chromophore after ESPT.2%%¢

Notably, the FFT analysis of the Ca’"-free P377R biosensor
reveals only one dominant ~184 em™ mode, which closely
matches the chromophore phenol ring rocking mode at ~174
cm™ mode that we observed in the Ca’*-free GEM-GECO1
biosensor (i.e., with the Pro377 residue distant from the GFP
chromophore pocket, see structural constraints in Fig. 1a).17
Since the P377R mutation is far away from the chromophore,
it exerts little effect on the local environment around the SYG
chromophore, leading to the survival of this functional low-
frequency mode with a similar ESPT time constant (~30 ps in
the Ca*-free GEM-GECO1 and 36 ps in the Ca**-free P377R). In
contrast, the FFT analysis of the Ca’*-bound P377R yields a
more complex pattern with three low-frequency modes below
300 cm™. Besides the 178 cm™ mode that is largely conserved
and confirms the importance of this in-plane phenol ring
rocking motion, the 57 and 267 cm™ modes both have phenol
ring out-of-plane wagging character based on DFT calculations
in Gaussian.” This result indicates that as the Ca’*-bound CaM
subunit moves closer, shields the nearby GFP f-barrel opening
and increases the inhomogeneity of chromophore pocket (Fig.
1a), additional ESPT pathways are opened because a variety of
low-frequency modes are activated and further involved in the
vibrational anharmonic coupling matrix.>*3° Because the
chromophore conformational states govern the potential
energy surface from the electronic ground to excited state,
different low-frequency modes are coupled to photoexcitation
(starting from the FC region) to various degrees. Their activity
in relation to the other anharmonically coupled vibrational
motions (e.g., the 1575 ecm™ mode in Fig. 5) could act as a
molecular gatew‘”’34 and contribute to the observed multiple
ESPT rates in the Ca’"-bound biosensor.

In other words, the interplay between the chromophore
y:)hotoaciditylﬁ“w’41 and the protein local environment
particularly the H-bonding network®*** determines the
dominant photoexcitation energy dissipation pathways along
the characteristic vibrational coordinates, out of the FC region,
and toward the fluorescent state in these FP-based biosensors.

D. Comparative analysis to previous FP biosensors and within the
same biosensor yields key mechanistic underpinnings

A general rule of thumb is that fundamental knowledge
could be effectively gained if only one parameter is changed
that leads to an observed functionality change. The direct

. . 17
comparison of current work to our previous report™’ on GEM-
GECO1 with an identical SYG chromophore provides such a
rare opportunity to elucidate the fluorescence modulation
mechanism affected by just one strategic interfacial residue

6| J. Name., 2012, 00, 1-3

Page 6 of 9

View Article Online

DOI: 10.1039/C6CP08821J

between CaM (Ca“-sensing domain) and GFP (fluorescence
domain). We recognize that a multitude of effects could be
introduced by one amino acid mutation, from the short-range
to long-range interactions, however, we emphasize that this
specific mutation close to the protein active site is key to
establish the biosensor structure-function relationship because
the interfacial residue at position 377 is in close proximity to
the embedded chromophore. Our results reveal why GEM-
GECO1 is dual-emission ratiometric whereas the P377R mutant
is effectively tuned to become single-emission excitation
ratiometric, which substantiate the originality and significance
of this spectroscopic work.

In a previous report on a green intensiometric G-GECO1.1
biosensor’® we correlated the consumption of reactant and
generation of product state on the tens of ps timescales to a
common photochemical reaction coordinate. Similarly, the
concomitant observation of A* peak decay and I* peak rise
(Fig. 4) in the P377R biosensor well supports the assignment of
vibrational dynamics to an ESPT process. Meanwhile, the least-
squares fit of the peak frequency shift is considered a reliable
way to track the ultrafast photochemical reaction progress
particularly when the potentially overlapping Raman modes
are along the ESPT reaction coordinate. Alternatively, we can
model the observed broad Raman bands near 1545 or 1575
em™ with two adjacent peaks assigned to A* and I* and fit the
apparent frequency shift as a gradual exchange of two
distinctive spectral patterns. However, the experimental
signal-to-noise ratio and inevitable assumption of the
individual peak width could hinder quantitative analysis while
the accuracy for such modelling may not surpass the direct fit
of peak centre frequency shift. 10134 Therefore, the ensemble
nature of FSRS experiments requires a consistent, multifaceted
approach to dissect spectral data and deduce reaction
mechanisms: the multiple mode frequency dynamics in Fig. 3
need to be compared and discussed in concert with the
intensity dynamics of other modes in Fig. 4 so we can firmly
attribute the retrieved time constants to the ESPT reaction
along with distinguishable conformational states.

Based on these recent findings, we expect that an increase
of the hydrophilicity of the protein chromophore pocket with
an extended and more flexible H-bonding network could
reduce the specific A* subpopulation with the ~90 ps ESPT
time constant. The other A* subpopulation that yields the 460
nm emission shoulder band in Fig. 1b (i.e., incapable of
undergoing ESPT reaction) could also be decreased. In
consequence, the overall fluorescence quantum vyield of the
Ca®*-bound P377R biosensor can be effectively improved upon
400 nm photoexcitation with the resultant improved biosensor
brightness and sensitivity defined as the ratio of excitation
ratios for Ca>* sensing.7

Experimental
A. Protein sample preparation

The GEM-GECO1-P377R biosensor sample preparation
follows previously published procedures starting from E. coli

This journal is © The Royal Society of Chemistry 20xx
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DH10B cells (Invitrogen) transformed with the pTorPE plasmid
harbouring the 6-histidine tagged GEM-GECO1." For the single
site-specific mutagenesis in this work, the synthetic DNA
oligonucleotides with the corresponding sequence were
purchased from Integrated DNA Technologies and used with
the QuickChange Lightning Single kit (Agilent Technologies).
These P377R proteins are harvested, purified, and dissolved in
buffer solutions, before finally exchanged into the desired
MOPS buffer solution (pH=7.2) with either 10 mM EGTA (for
the Ca”*-free sample) or 10 mM Ca-EGTA (for the Ca**-bound
sample). The protein biosensors are characterized by in vitro
steady-state electronic spectroscopy including the UV-Visible
(Thermo Scientific Evolution 201) and fluorescence (Hitachi F-
2500) spectrophotometers. To avoid protein destabilization or
denaturing, we keep buffer conditions, pH and temperature
unchanged and verify the sample integrity using UV-Vis before
and after each ultrafast spectroscopic measurement.

We found that three separately prepared batches of
purified P377R samples exhibit a weak response to ca®’ in
emission under 395 nm excitation. The excitation spectra of
P377R suggest this mutant chimeric protein has essentially
become an excitation ratiometric (green) indicator, which
differs from the original GEM-GECO1 that is a blue-green
emission ratiometric biosensor.’” This result highlights the
critical role of residue 377 in the absorption and fluorescence
properties of the GCaMP-type indicators for ca® sensing.s'7

B. Tunable FSRS optical setup

The femtosecond stimulated Raman spectroscopy (FSRS) setup
with technical advances in our laboratory has been reported.ls'
173146 1 brief, a femtosecond (fs) mode-locked Ti:sapphire
oscillator (Mantis-5) and regenerative laser amplifier (Legend
Elite-USP-1K-HE, Coherent, Inc.) provide ~35 fs, 4 mJ, 800 nm
fundamental pulses with a 1 kHz repetition rate. The
stimulated Raman pump—probe pair and a preceding actinic
pump are separately generated via nonlinear light conversion
processes. The 400 nm actinic pulse of ~400 uW arises from
the frequency doubling of a portion of the fundamental pulse
in a 0.3-mm-thick type-I f-barium borate (BBO) crystal. For
conventional FSRS, the 800 nm Raman pump with ~4 mW
power and ~3 ps pulse duration is generated by passing the
fundamental pulse through a home-built spectral filter.***® The
~100 nJ Raman probe pulse is a supercontinuum white light
(ca. 840—960 nm) generated in a 2-mm-thick Z-cut sapphire
crystal, followed by the prism-pair compression and a long-
pass filter (RG830, Newport). For tunable FSRS, the 553 nm
Raman pump is produced by a home-built two-stage ps
noncollinear optical parametric amplifier (NOPA) which is
seeded by an fs NOPA with a spectral filter and pumped by a
home-built second harmonic bandwidth compressor.

For the exited state FSRS data collection, the actinic pump
is controlled by a motorized translation stage while the Raman
pump and probe pulses remain temporally coincident. The
three beams are focused on the protein sample solution
(OD=1/mm at 400 nm), continuously flowed through a 1-mm
path length quartz cell to avoid thermal effect and provide a

This journal is © The Royal Society of Chemistry 20xx

fresh spot for pulsed laser irradiation. While the Raman pump
and actinic pump pulses are blocked after the sample, the
transmitted probe beam carrying the collinear stimulated
Raman signal goes through a pinhole and enters an imaging
spectrograph (SP-2356, Princeton Instruments). The signal is
then dispersed by a 1000 nm blaze, 600 grooves/mm grating in
conventional FSRS setup (and a 500 nm blaze, 1200
grooves/mm grating in tunable FSRS) and imaged onto a front-
illuminated 1340x100 CCD camera array system (PIXIS 100F;
Princeton Instruments). At least 10 sets of excited state FSRS
spectra are collected from -5 to 650 ps with various time steps
as small as 50 fs. For each time delay point in each spectral
data set, 1500 Raman spectra are collected and averaged.
Therefore, for the final spectra presented (e.g., Figs. 2 and 4b
as well as Fig. S1 in the ESIT), each one data trace represents
an average of at least 15000 experimental Raman spectra
following photoexcitation. The flowing protein sample spot
and incident laser fluctuations within the entire data scan
could sporadically exert some small, unwanted effects but the
extensive, periodic averaging of the same spectrum at a
certain time delay after photoexcitation, being collected at
various time during the experiment, could effectively cancel
out most of the random noises. The ground state spectrum of
the protein biosensor sample is also recorded periodically
throughout the excited state data scan to monitor the protein
sample and laser stability.lo'w’”'47 The UV-Vis spectra of the
samples in buffer solution are collected before and after each
FSRS experiment to verify sample integrity (acceptable if the
absorption peak intensity variation is within 10% after the
entire FSRS experiment on protein samples which typically
lasts for 1-2 hours).

Conclusions

In this work, we have developed and implemented the
wavelength-tunable excited state FSRS to elucidate the
structural dynamics basis for the fluorescence modulation of a
single-site P377R mutant of the emergent GEM-GECO1 calcium
biosensor. This contribution represents the first time that a
targeted single mutant of a functional biosensor is studied by
an advanced time-resolved vibrational spectroscopic toolset,
especially after the steady-state electronic spectroscopy shows
a noticeable difference in its emission properties from the
parent biosensor. The transient Raman modes following 400
nm photoexcitation report on the characteristic ESPT time
constants of 36 ps in the Ca’*-free biosensor versus 16, 90 ps
in the Ca’*-bound state. This covert structural inhomogeneity
is a direct consequence of positioning a positively charged
residue (like arginine) close to the cpGFP chromophore in
response to the Ca2+—binding—induced conformational change
at the nearby CaM domain. The altered ESPT pathways based
on different H-bonding configurations govern the functionality
change from a green-blue emission ratiometric biosensor
(GEM-GECO1) to a green excitation ratiometric biosensor
(GEM-GECO1-P377R) for ca® imaging. Such a quantitative
examination of the molecular mechanism provides previously
unavailable knowledge about this emerging calcium biosensor
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family, particularly regarding the intrinsic conformational
states and molecular motions of the functional chromophore.
Furthermore, from the integrated Raman peak intensity
oscillations, a chromophore in-plane ring rocking mode at
~180 cm™ is found to dominate in the Ca**-free biosensor but
is joined by two other out-of-plane low-frequency modes in
gating the multidimensional ESPT reaction coordinate upon
ca® binding. We expect that such targeted mutation(s) around
the protein active site, in conjunction with the genetic code
expansion methods to incorporate various non-canonical
amino acids™®*® as well as chemical modification of the
chromophores,“’50 can efficiently translate the rational design
principles uncovered by ultrafast Raman spectroscopy into
better FP biosensors for advanced bioimaging applications.
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