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Biophysical characterization of iGIuSnFR binding site variants

Brightness and fluorescence dynamic range. The brightness and fluorescence dynamic range
values for iGlus and iGluy were similar to those for iGIuSnFR: a quantum yield (®) of ~0.7
was measured for iGIuSnFR for both iGlur and iGluy, with or without glutamate present.
Greater brightness in the presence of glutamate derived from an increased absorption
coefficient (eu92)) due to a shift of the equilibrium from the neutral (absorption peak at
400 nm) to the deprotonated/fluorescent fluorophore (absorption peak at 492 nm) (Barnett et
al., 2017) (Table S1).

Glutamate affinity and ligand selectivity. Two of the mutations lowered, and four increased,
the Kq for glutamate. Variants in order of increasing Kq, covering the range of 19 uM to 12
mM, were E26 A<E26R<iGluSnFR<E26D<S73T<R25K<T93A, with Hill coefficients in the
range of 1.3 to 2.6. iGluSnFR E26A and E26R had dynamic ranges ~3 and ~2 with lower Kg4
values compared to iGIuSnFR whereas Kg-s for the R25K and T93A variants were in the mM
range but with dynamic ranges of ~ 2 (Fig. S1a and Table S2).

Selectivity for glutamate was determined against aspartate, glutamine, D-serine,
GABA and glycine. iGlur and iGluy affinities for aspartate were similar to that for glutamate,
as previously reported for iGIuSnFR (Marvin et al., 2013). The fluorescence enhancement
evoked by aspartate binding was however 2 to 3-fold reduced compared to that by glutamate.
The affinity for glutamine was in the mM range for all three probes (Fig. S1b, Table S3). D-
serine, GABA and glycine evoked no detectable response. pKa for the glutamate-bound form
was ~ 6.5 for all three probes, whereas the apo-form showed little pH dependence indicating a
well-shielded chromophore (Fig. S1c-e).



Figure S1
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Fig. S1. Biophysical characterization of iGIuSnFR variants. (a) Equilibrium glutamate binding titrations
at 20°C for iGluSnFR (e), iGluSnFR E26D (iGluf) (), iGIuSnFR S73T (iGlu,) (m), iGIuSnFR E26R
(A), iGIUSNFR E26A (m), iGIluSnFR R25K (¢), iGIuSnFR T93A (m). Fluorescence changes are
normalized to Foof 0 and Fmax Of 1. (b) Ligand selectivity. Equilibrium titration of iGluSnFR (e), iGlus
(V) and iGlu, (m) with aspartate and glutamine, as indicated. pH sensitivity and pK, determination of
(c) iGIUSNFR; (d) iGlus; (e) iGlu,. Normalized fluorescence in the presence of glutamate (=)
(concentration as specified), or in the absence of glutamate (e); AF/Fo (A). (f) Arrhenius plots of the
limiting on-rates of iIGIUSNFR, iGlus and iGluy. Values at 34°C for iGlus and iGluy are
extrapolated assuming the measured slope. (g) Arrhenius plot of the dissociation rate constants

of iIGIUSNFR, iGlus and iGluy. The value for iGluy 34°C is extrapolated assuming the measured

slope.



Figure S2
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Fig. S2. Fluorescence time course (AF/Fo) in single boutons expressing (a) iGIuSnFR, (b) iGlus
or (¢) iGluy stimulated by a somatic paired pulse (48 ms ISI). Fluorescence time course (AF/Fo)
of single boutons expressing (d) iGluSnFr, (e) iGlus or (f) iGlu, stimulated by a somatic paired
pulse (10 ms ISI). (g) Decay time constant tofr measured in hippocampal slices at 34°C for
iGIUSNFR (n = 13, 500 Hz sampling rate), iGlus (n = 7, 1 kHz sampling rate) and iGlu, (n =7,
1 kHz sampling rate). (h) Summary of on- and off-rates in vitro and decay times measured in
vitro and in hippocampal slices at 34°C. Values are given as mean + SEM. Values marked by
* are extrapolated from the Arrhenius plot (Fig. S1f,9).



Figure S3
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Fig. S3. Fluorescence time course (AF/Fo) in single bouton expressing (a-c) iGIuSnFR, (d-f)
iGlurand (g-i) iGluy stimulated by 10 action potentials fired at (a,d,g) 50 Hz, (b,e,h) 67 Hz and
(c,f,i) 100 Hz. Number of trials: (a), 5; (b), 4; (c), 8; (d), 3; (e), 4; (f), 3; (9), 2; (h), 7; (i), 4.
Depression and recovery of synaptic transmission during 100 Hz trains.



Table S1. Brightness of iGIuSnFR variants.

& Brightness
Protein ()] 0_(;192”“2 g_l 1
(M7cm™) (mM~“cm™)

-Glu +Glu -Glu +Glu -Glu +Glu

iGlusSnER ~~ 0.65+0.02  0.66 +0.02 9294+86  38801+293 61+02 254+0.8

iGlu; 0.65 £ 0.02 0.68 + 0.02 8789 + 76 28644 + 127 57+0.2 19.4+0.6

iGlu, 0.67 £0.02 0.67 £ 0.02 7895 + 105 22796 = 120 53%0.2 153+0.5

Brightness values were obtained from quantum yield and & measurements.



Table S2. Fluorescence and equilibrium glutamate binding properties of iGIUSnFR variants.

Protein R Froou ! Frc Ka n
-Glu  +Glu Glu) (uM)

iGIuSnFR 1.0 54 5.4+07 33+0.2 2.3+0.2
s73T (1Gluy) 1.1 42 3.8+0.6 600 + 16 1.8+0.1
E26D (IGlup 1.8 7.2 40%0.3 137 +4 1.7+01
E26A 36 123 3.4+06 18.6 £ 0.02 2.6+0.1
E26R 47 73 1.6+0.5 19.3+0.8 2.3+0.2
R25K 15 31 21+01 (2.3+0.1)x 10° 1.5+0.1
T93A 07 1.2 1.7+05 (12 + 4) x 10° 1.3+0.2

aRelative fluorescence values were determined using apo-iGluSnFR as reference (Fr = 1).



Table S3. Selectivity of iGIuSNFR, iGlurand iGluy for L-aspartate and L-glutamine.

. (+Asp) d(Asp) n Fcimy/ Kain)
Protein F (asp) (uM) Fem) (uM)

iGluSnFR 47+03 446+x03 16+01 | 6408 1900 + 100 1.3+0.1

iGlu, 27+02 820+06 12+01 | 56=x05 3700 £+ 100 1.3+0.1

iGlu, 16+£02 61.7+04 17+01 | 23+03 10800+ 300 1.1+01

aFluorescence dynamic range is reported as fold enhancement by aspartate or glutamine ligand binding.



Table S4. Kinetic properties of fast iGIuSnFR variants iGluy and iGlu,,.

Kd kon(lim) t1/2(on)(|im) koff t1/2(off)
Protein n
(uM) s (ms) ™ (ms)
iGluSnFR 33+0.2 2.3+0.2 643 + 23 1.1+0.04 110+ 4 85+04
E26D
137 +4 1.7+£0.1 1240 + 77 0.6 £0.04 283 + 36 2.4+0.3
(iGqu)
S73T
600 £ 16 1.8+0.1 604 + 12 1.1 +0.02 468 + 58 1.5+0.2
(iGqu)

Kq and Hill coefficient (n) values were obtained from the equilibrium glutamate titrations at 20 °C.
Fluorescence rise (limiting rate, kongim)) and decay (ko) rates were measured by glutamate association
and dissociation stopped-flow kinetic experiments.



Table S5. Fitted and modelled kinetic parameters of the fluorescence response of iGIUSNFR variants.

K, K, K k k K, KK,, K
Scheme 1 (M»l) (M) (M-ls-l) (S-l) (S-l) (5-1) (M-ls-l) (M)

d(calculated) +1 -1 d(measured)

iGIUSNFR (20°C) 3642 52 4.4x10° 27x10° 5965 569 110 2.1x10° 3.3x10° 23
iGIUSNFR (34°C) 3431 34 6.6x10° 28x10 8161 756 220 26x10° 4.0x10° 1.7

Glu, (20°C) 1568 235 1.47x10" 35x10° 2206 944 283 15x10° 1.37x10° 1.7

iGlu, (20°C) 1201 029 6.00x10° 22x10° 1704 136 468 17x10° 6.00x10" 1.8

Fitted parameters to the kinetic model illustrated in Fig. 4g are shown for iGIuSnFR and fast variants. Fitting
the association kinetic records to Scheme 1 (Methods, Kinetic Theory) gives parameters for a hyperbole, K,
k+2 + ko2, k2 and the initial gradient, the apparent association rate constant Kik:,. Values for k.1 and k., were
obtained by global fitting using Dynafit. The measured and calculated overall Ky values were in good
agreement.
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SUPPLEMENTARY METHODS

Materials - pRSET FLIPE-600n and pCMV(MinDis).iGIuSnFR plasmids were a gift
from Loren Looger (Addgene Plasmid #41732) and Wolf Frommer (Addgene plasmid #
13537), respectively. pET41a and pET30b vectors were obtained from Novagen. E. coli XL10-
Gold and BL21 (DE3) Gold cells were purchased from Invitrogen. Restriction enzymes were
obtained from New England Biolabs and T4 DNA ligase from Fermentas.

Cloning of glutamate binding proteins into bacterial expression vectors. The iGIuSnFR
gene was subcloned from pCMV(MinDis).iGIuSnFR by restriction-ligation into pET41la
(GST-fusion expression vector) at Bglll and Notl restriction sites and ybeJ encoding GluBP
was subcloned from pRSET FLIPE 600n (ECFP-ybel-Venus) into pET30b (His-fusion
expression vector) at Bglll and Notl restriction sites.

Site-directed mutagenesis of iGIuSNFR. A series of DNA mutations were performed
on pET41a-iGIluSnFR. Site-directed mutagenesis was carried out following the QuikChange
II XL protocol (Agilent Technologies) using the following primers (5’=23’):

R25K, GGTGTGATTGTCGTCGGTCACAAGGAATCTTCAGTGCCTTTCTCT,
E26A, GTCGTCGGTCACCGTGCATCTTCAGTGCCTTTC;

E26D, GATTGTCGTCGGTCACCGTGATTCTTCAGTGCC,;

E26R, GATTGTCGTCGGTCACCGTAGATCTTCAGTGCCTTTCTCT,

S73T, GTAAAACTGATTCCGATTACCACGCAAAACCGTATTCCACTGCTG;
TI93A, TTGAATGTGGTTCTACCGCCAACAACGTCGAACGC;

Mutations were confirmed by DNA sequencing (Genewiz).

Expression and purification of genetically encoded glutamate indicator (GEGI)
proteins. His-tagged GluBP, GST-fused iGluSnFR and variant proteins were overexpressed in
E. coli BL21 (DE3) Gold cells. Cells were grown at 37 °C and expression was induced
overnight at 20 °C in the presence of 0.5 mM isopropyl thio-p-D-galactoside (IPTG). Cells
were resuspended in 50 mM Na*-HEPES, 200 mM NaCl, pH 7.5 containing one tablet of
Complete protease inhibitor cocktail (Roche, Basel, Switzerland) and lysed by sonication on
ice (VibraCell, Jencons PLS). For GST-fused proteins, clarified lysates were purified by a
single-step GST chromatography (GSTrap, AKTA Purifier, GE Healthcare) at 4 °C. The
purified protein was eluted in 50 mM Na*-HEPES, 200 mM NaCl, 10 mM reduced glutathione,
pH 7.5. For His-tagged GIuBP clarified lysate was purified on a NiNTA column (QIAGEN,
AKTA Purifier, GE Healthcare) at 4 °C. The purified protein was eluted with a linear gradient
of 0-0.5 M imidazole. Purity was assessed by SDS-PAGE (gradient of 6.4% - 20%
acrylamide/bisacrylamide) and aliquoted fractions were dialyzed against 50 mM Na*-HEPES,
200 mM NacCl, pH 7.5 and stored at -80 °C.

Protein concentrations. iGIuSnFR and GIluBP proteins were highly purified, allowing
protein concentration to be determined spectroscopically. The absorption spectra of all
iIGIuSnFR proteins comprised three peaks at wavelengths 280 nm, 400 nm and 497 nm. Protein
concentrations were determined with molar extinction coefficients (&) at 280 nm calculated
from the amino acid composition using a Nanodrop 1000 spectrophotometer (Thermo
Scientific). g(s0)0f 90690 M~1cm™ for GST-iGIuSnFR and 24075 M-*cm™ for His-GIuBP was
calculated (Gill and von Hippel, 1989).

Equilibrium binding titrations for iGluSnFR proteins. Glutamate affinity assays of
iIGIuSNnFR proteins were performed by continuous titration using an automated syringe pump
(ALADDIN 1000, WPI). iGluSnFR and variants at 50-100 nM concentration (50 mM Na*-
HEPES, 100 mM NaCl, 2 mM MgCl,, pH 7.5 at 20°C) were titrated with an appropriate stock
solution of glutamate at a 10 puL/min flow rate in a stirred 3 mL cuvette. Fluorescence was
measured at 492 nm excitation and 512 nm emission wavelengths using a Fluorolog3
spectrofluorimeter (Horiba Scientific). Fluorescence records were corrected for dilution and
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photobleaching (0.1%/min). Data were normalized and expressed as bound fraction and
glutamate dissociation constant (Kq) and cooperativity (n) were obtained by fitting the data to
the Hill equation using GraphPad Prism 7 software. All titrations were performed at least in
triplicates and expressed as mean + SEM. Ligand binding specificity was assessed by titrating
IGIUSNFR proteins as described above with L-aspartate, L-glutamine, D-serine, GABA and
glycine.

Stopped-flow fluorimetry. Glutamate association and dissociation kinetic experiments
of iIGIuSnFR proteins were carried out on a Hi-Tech Scientific SF-61DX2 stopped-flow system
equipped with a temperature manifold (Walklate and Geeves, 2015) in the 4 °C to 34 °C
temperature range, as specified. Fluorescence excitation was set to 492 nm. Fluorescence
emission was collected using a 530 nm cut-off filter. At least 3 shots from 3 replicates were
averaged for analysis. Data were fitted to a single exponential to obtain the fluorescence rise
or decay rate using KinetAssyst software (TgK scientific).

Association kinetics. The solution containing 1 uM protein in 50 mM Na*"-HEPES, 100
mM NaCl, 2 mM MgCl,, pH 7.5 was rapidly mixed (1:1) with 50 mM Na*-HEPES, 100 mM
NaCl, 2 mM MgCl», pH 7.5 containing increasing glutamate concentrations (concentrations
given are those in the mixing chamber). For the determination of temperature dependence of
glutamate association rates, protein samples at 1 uM concentration were mixed as above to
give a final glutamate concentration of 1 mM for iGIuSnFR, 5 mM for iGluSnFR E26D (iGluy)
and 10 mM for iGluSnFR S73T (iGluy) in the mixing chamber.

Dissociation kinetics. The solution containing 1 uM protein in 50 mM Na*-HEPES,
100 mM NaCl, 2 mM MgCl», pH 7.5 with saturating glutamate (15 x Kq) was rapidly mixed
(1:1) with 0.67 mM GIuBP in 50 mM Na*-HEPES, 100 mM NaCl, 2 mM MgCly, pH 7.5
(concentrations in the mixing chamber). For the determination of temperature dependence of
glutamate dissociation rates, protein samples at 1 uM concentration were premixed to give a
final glutamate concentration of 0.2 mM for iGluSnFR, 0.5 mM for iGlus and 1 mM for iGluy
in the mixing chamber.

pH sensitivity of iGIuSnFR, iGlus and iGluy proteins. To determine the apparent pKa
for iGIUSNFR proteins, a series of buffers were prepared. Depending on their respective pH
buffering range, appropriate buffer was used for the measurements (MES for pH 6 - 6.5,
HEPES for pH 7 - 8, Tris for pH 8.5 - 9 and CAPS for pH 10). The pH titrations were performed
by recording fluorescence spectra in glutamate-free (50 mM Na*-buffer, 100 mM NaCl, 2 mM
MgCl.) or glutamate-saturated (50 mM Na*-buffer, 100 mM NaCl, 2 mM MgCly, 1 - 10 mM
glutamate) using 1 uM protein in 0.5 pH unit intervals (Fluorolog3, Horiba). Final glutamate
concentrations were 1 mM for iGluSnFR, 2 mM for iGlus and 10 mM for iGluy.

Quantum yield determination. The concentration of iGIuSnFR proteins was adjusted
such that the absorbance at the excitation wavelength (492 nm) was between 0.001 and 0.04.
A series of dilutions was prepared in a buffered solution (50 mM Na*-HEPES, 100 mM NaCl,
2mM MgClp, pH 7.5 with either no glutamate or 1 - 10 mM glutamate. Final glutamate
concentrations were 1 mM for iGIuSnFR, 2 mM for iGlurs and 10 mM for iGluy. Fluorescence
spectra were recorded on a Fluorolog3 (Horiba Scientific). GCaMP6f quantum yield measured
in Ca?*-saturated buffer was used as a reference (®+ca- = 0.59) (Chen et al., 2013). Data were
plotted as integrated fluorescence intensity as a function of absorbance and fitted to a linear
regression with slope S. Quantum vyield for iGluSnFR proteins was obtained using the
following equation: Dprotein = Pccampst < (Sprotein/Sccampsr).

In situ glutamate titration. HEK293T cells were cultured on 24-well glass bottom
plates in DMEM containing non-essential amino-acids (Life Technologies), 10% heat
inactivated FBS (Life Technologies) and penicillin/streptomycin (100 U/ml, 100 mg/mli,
respectively), at 37 °C in an atmosphere of 5% CO.. Cells were allowed 24 h to adhere before
transfection with Lipofectamine 2000 (Invitrogen) following the manufacturer’s
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recommendations (1.5 puL Lipofectamine 2000 and 0.5 pg plasmid DNA in 50 pLL OptiMEM
(Life Technologies)) and maintained for 24 h before being used in experiments. HEK293T
cells transfected with iGIuSnFR, iGlus or iGluy were washed with PBS and imaged in 20 mM
Na*-HEPES, 145 mM NaCl, 10 mM glucose, 5 mM KCI, 1 mM MgCl,, 1 mM NaH2POa, pH
7.4. Cells were examined at 37 °C (OKO lab incubation chamber) with a 3i Marianas spinning-
disk confocal microscope equipped with a Zeiss AxioObserver Z1, a 40x/NAL.3 oil immersion
objective and a 3i Laserstack as excitation light source (488 nm). Emitted light was collected
through a 525/30 nm BrightLine® single-band bandpass filter (Yokogawa CSU-X filter wheel)
onto a CMOS camera (Hamamatsu, ORCA Flash 4.0; 1152x1656 pixels). Glutamate titrations
were carried out using 0 - 10 mM L-glutamate (final concentration). Regions of interest (ROI)
were defined by ellipses along each cell membrane. A single ROl was analyzed in each cell.
ImageJ was used to process the images. GraphPad Prism 7 was used to plot and fit data with
the Hill equation. The number of cells analyzed (n) were between 19 and 41, as specified. Data
was expressed as mean £ SEM.

Organotypic slice cultures and single cell electroporation. Organotypic hippocampal
slices were prepared from male Wistar rats at post-natal day 5 as described (Gee et al., 2017).
Briefly, dissected hippocampi were cut into 400 pum slices with a tissue chopper and placed on
a porous membrane (Millicell CM, Millipore). Cultures were maintained at 37 °C, 5% CO in
a medium containing 80% MEM (Sigma M7278), 20% heat-inactivated horse serum (Sigma
H1138) supplemented with 1 mM L-glutamine, 0.00125% ascorbic acid, 0.01 mg/ml insulin,
1.44 mM CaCl;, 2 mM MgSO4 and 13 mM D-glucose. No antibiotics were added to the culture
medium. DNA encoding iGluSnFR and tdimer2 were subcloned into a mammalian expression
vector (pCl) under the control of the neuron-specific human synapsinl promoter. iGlus and
iGluy were generated by site-directed mutagenesis of pCl-synapsin-iGIuSnFR using the
oligonucleotides for the E26D (iGlus) and S73T (iGluy) mutations. Individual CA3 pyramidal
cells were transfected by single-cell electroporation (Wiegert et al., 2017a;Wiegert et al.,
2017b). iGIluSnFR and variant plasmids were electroporated at 40 ng/ul (iGIuSnFR) or 50
ng/ul (iGlut, iGluy) together along with a cytoplasmic red fluorescent protein tdimer2 (20
ng/ul). During electroporation slices were kept in 10 mM Na*™-HEPES, 145 mM NaCl, 25 mM
D-glucose, 1 mM MgCl; and 2 mM CaCly, pH 7.4.

Electrophysiology. Experiments were performed between DIV 14-30 (2 - 4 days after
electroporation). Hippocampal slice cultures were placed in the recording chamber of the
microscope and superfused with artificial cerebrospinal fluid (ACSF) containing 25 mM
NaHCOs3, 1.25 mM NaH2PO4, 127 mM NaCl, 25 mM D-glucose, 2.5 mM KCI and (saturated
with 95% 02-5% CO), 2 mM CaCl, and 1 mM MgCl,. Whole-cell recordings from a
transfected CA3 pyramidal neurons were made with a Multiclamp 700B amplifier (Molecular
Devices) under the control of Ephus software written in MATLAB (Suter et al., 2010). CA3
neurons were held in current clamp and stimulated through the patch pipette by brief electrical
pulses (2 - 3 ms and 1500 - 3500 pA) to induce single action potentials. Analog signals were
filtered at 6 kHz and digitized at 10 kHz. Patch pipettes with a tip resistance of 3.5 to 4.5 MQ
were pulled with a Narishige PC-10 vertical puller and filled with 10 mM K*-HEPES, 135 mM
K*-gluconate, 4 mM MgCl;, 4 mM Na'>-ATP, 0.4 mM Na'-GTP, 10 mM Na®-
phosphocreatine and 3 mM ascorbate (pH 7.2). Slice experiments were performed at 33°C +
1°C by controlling the temperature of the ACSF with an in-line heating system and the oil
immersion condenser with a Peltier element. Dual patch experiments and iGlu, measurements
were done under NMDAR block (10 uM CPP-ene) to prevent induction of long-term plasticity
during high frequency stimulation.

Two-photon microscopy and data analysis. The custom-built two-photon imaging
setup was based on an Olympus BX51WI microscope controlled by a customized version the
open-source software package Scanlmage (Pologruto et al., 2003) written in MATLAB
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(MathWorks). We used a pulsed Ti:Sapphire laser (MaiTai DeepSee, Spectra Physics) tuned
to 980 nm to simultaneously excite both the cytoplasmic tdimer2 and the membrane bound
IGIuSnFR. Red and green fluorescence was detected through the objective (LUMPLFLN
60XW, 60x, NA 1.0, Olympus) and through the oil immersion condenser (NA 1.4, Olympus)
using 2 pairs of photomultiplier tubes (PMTs, H7422P-40SEL, Hamamatsu). 560 DXCR
dichroic mirrors and 525/50 and 607/70 emission filters (Chroma Technology) were used to
separate green and red fluorescence. Excitation light was blocked by short-pass filters
(ET700SP-2P, Chroma). Scanlmage was modified for the user to freely define the scanning
path. Signals from iGluSnFR and fast variants were measured by repeatedly scanning a spiral
line across the bouton to maximize the signal-to-noise ratio. iGIuSnFR signals were sampled
at 500 Hz, iGlur and iGluy signals were sampled at 500 Hz or 1 kHz. To correct for bleaching
of the indicator, the photobleaching rate in each experiment was determined. The fluorescence
time course of several unstimulated trials were averaged and fitted with a mono-exponential
decay function. Then all stimulated trials were corrected for bleaching and a monoexponential
fit was applied to the average fluorescence decay following release events to measure the decay
constant zoff Of IGIUSNFR, iGlus and iGluy.

A spiral scan covering the entire bouton may hit the diffusing cloud of glutamate just
once or several times per line. We had no prior knowledge about the precise location of fusion
events on the bouton surface. To maximize the signal-to-noise ratio in every trial, we assigned
a dynamic region of interest (ROI): pixel columns (i.e. spatial positions) were sorted according
to the change in fluorescence (AF) in each column. The peak amplitudes were extracted from
the average of 10 trials acquired at 0.1 Hz. To avoid bleach-related run-down during the train,
we normalized each of the 11 peaks by a baseline measurement (Fo) taken just 1 ms before.
This strategy was possible since the inter-stimulus interval was 10 ms (500 ms for pulse #11)
and zoff was 2.6 ms.

For the peak amplitude measurement of postsynaptic AMPA responses, we repeated
the protocol 70 - 100 times at 0.1 Hz and manually removed trials in which the CA1 neuron
received spontaneous synaptic input. In addition, we discarded trials where the patch-clamped
CA3 neuron failed to spike in response to a somatic current injection, and averaged the
remaining trials. The decay time course of the recovery AP was fitted with a mono-exponential
decay function. This decay time constant was then used to extract the amplitude of individual
responses during the 100 Hz train by deconvolution. Analysis was done in MATLAB and
GraphPad Prism.

Data analysis and kinetic modelling. Biophysical experiments were performed at least
in triplicates and analysed using GraphPad Prism 7 and KinetAsyst (TgK Scientific) software.
Experiments on HEK293T cells were carried out on three independent cultures each. The total
number of cells analysed in each condition is given in the figure legends. The software package
IBS (http://ibs.biocuckoo.org) was used to display the domain structure glutamate sensors. The
PyMOL Molecular Graphics System (2002) by W. L. Delano (https://www.pymol.org/ RRID:
SCR_000305) was employed for displaying the crystal structure. Global fitting to kinetic data
was performed using DynaFit4 software (http://www.biokin.com/dynafit RRID: SCR_008444)
according to the Schemes 1 & 2.
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Kinetic theory. iGIuSnFR is represented as iGlui~iGlus, indicating that the N-terminally
flanking large GIuBP fragment (GIuBP 1-253, iGlu;) and the C-terminally fused small GluBP
fragment (GIuBP 254-279, iGlus) are within one molecule but separated by the interjecting
CPEGFP.

Scheme 1:

K k, .
iGlu~iGlu, + Glu k‘="" Glu.iGlu~iGlu, k‘=\: Glu.iGlu?

Glutamate binds to the large domain iGlu; of GIuBP. This is a pre-equilibrium that is described
by the following equation:

0[Glu.iGlu~iGlug

S = ke 16l ~iGlug) [Glu] — k_y [Glu. iG 1 ~iGlus] 1)
With the equilibrium constant defined as:

K, = )

= s

The total concentration of iIGIUSNFR, [IGIUSNFR]o is the sum of all iGIuSnFR complexes
involved in the scheme.

[(GluSnFR], = [iGlu;~iGlu,] + [Glu.iGlu;~iGlug] + [Glu.iGlu}] (3)
From this term [iGlui~iGlus] is derived as:
[iGlu;~iGlug] = [iGluSnFR], — [Glu.iGlu;~iGlug] — [Glu.iGlu}] 4)

If steady-state is assumed for the glutamate-bound iGluSnFR (Glu.iGlui~iGlus) then eq. 1
equals zero and we can insert eq. 4 to obtain a term for [Glu.iGlui~iGlus].

K1[Glu]
1+K

[Glu.iGlu;~iGlu,] =

- ([iGluSnFR], — [Glu.iGlu]) (5)

The formation of the fluorescent state [Glu.iGluc*] is defined by:

[Glu.iGlug

e = ey (Gl iG L ~iGlug] — k_p[Glu. iGlu;) (6)

Inserting eq. 5 into eq. 6 and performing a partial differentiation leads to:

k _ ki2Kq[Glu]
0bs ™ 14k, [Glu]

tk_p ()

With the amplitude A, the Koveran and Kq defined as:

_ koK [G][iGluSnFR],

A 1+K,[Glu]

Koveran = K1 (1 + K3)

1 1
K = — =
d 7 K, Ky+K:iKy

(8a,b,c)
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Scheme 2:

: B k* B * k' B *
iGlu~iGlu, k:: iGlu* + Glu T‘—\: Glu.iGlu?

iIGlui~iGlus first forms the complete state iGluc* that is fluorescent. The pre-equilibrium can
be defined as:

N = ey [iGLu~iG L] — ks [iGlu;] 9)
With the equilibrium constant defined as:

The total concentration of iGIUSNFR, [iGIuSnFR]o is the sum of all iGluSnFR complexes
involved in the scheme.

[i(GluSnFR], = [iGlu;~iGlus] + [iGluy] + [Glu.iGluy] (12)
From this term [iGlui~iGlus] is derived as:
[iGlu;~iGlug] = [iGluSnFR], — [iGlu}] — [Glu.iGlu}] (12)

If steady-state is assumed for (iGluc*) then eq. 9 equals zero and we can insert eq. 12 to obtain
a term for [iGluc*].

[iGlus] = =2 - ([iGluSnFR], — [Glu.iGlu}]) (13)

1+K;3

The formation of the fluorescent state [Glu.iGluc*] is defined by:

0[Glu.iGlug]
ot

= kyh[iGlui)[Glu] — k_,[Glu. iGlu}] (14)

Inserting eq. 13 into eq. 14 and performing a partial differentiation leads to:

k _ k44K3[Glu]
obs 14K,

+k_, (15)

With the amplitude A, the Koveran and Kq defined as:

Ao k44 Ks[Glu][iGluSnFR],
B 1+ Ks

Koverau = K3(1 + K,)

K, = 1 1 (16a,b,c)

Ko  K3+K3Ka
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