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Supporting Materials and Methods

Protein purification

REX-GECOI1 and JRGECO1a were cloned into the pUE backbone via ligation-independent
cloning (In-Fusion, Clontech, Mountain View, CA). CAR-GECO1, K-GECO1, R-GECO1, R-
GECOL1.2, jJRCaMPla, and O-GECO1 were cloned into the pBAD backbone (Thermo Fisher
Scientific, Waltham, MA) with restriction cloning. JREX-GECO1 was cloned into the modified
pBAD backbone pTorPE with restriction cloning. All plasmids are available in Addgene.
Plasmids were transformed into DH10B E. coli, which were grown for protein expression at
30°C for 2 days in Terrific Broth (BD, Sparks, MD) or Circlegrow (MP Biomedicals, Santa Ana,
CA). To induce protein expression in the pPBAD plasmids, 0.1% arabinose was added after
growing approximately 5 hours. Bacteria pellets were lysed with BugBuster (EMD Millipore
Corp., Burlington, MA) and the lysate was purified with His60 Ni Superflow Resin (Takara Bio,
Mountain View, CA). Proteins were buffer-exchanged into pH 7.2 buffers containing 30 mM
MOPS, 100 mM KCI, and 10 mM EGTA with or without 10 mM CaCl,. Protein characterization
was done in these respective buffers, except where noted. Purified proteins were stored short
term (< 2 weeks) at 4°C and long term at -80°C. The Ca*'-free form of K-GECO1 exhibits
photoswitching in room light; so the protein sample was stored covered in foil, and all of the
photophysical measurements were done with minimal exposure to room light.



Special corrections for pH titrations

For the titrations of the Ca -saturated state of jJREX-GECO1 and REX-GECOI from pH 7.2 and
higher, the OD at the peak of the anionic form absorbance was corrected for the absorbance of
the neutral form at that position (Eq. S1):
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Here, the superscript indicates the spectral position of the OD value, either at the anionic peak
position (*) or the neutral peak position (). The subscript indicates the form of the chromophore
that the OD belongs to, either anionic and neutral (a+n), only anionic (a), or only neutral (x). The
fractions (0D} /ODY) and (0D} /0D were considered constant throughout the titration. The
former was determined based on the spectrum at pH 7.2 (assuming 100% neutral form), and the
latter was based on the spectrum at the pH where the anionic form reached its maximum.

Special corrections for determination of the relative fraction of the excitable form of the
chromophore

In the case of K-GECO1 and CAR-GECOI, the absorbance at pH 7.2 include significant
absorption from other, non-red chromophore(s) which overlap with the absorption of the neutral
form of the red chromophore. Their absorbance spectra were unmixed using excitation spectra in
order to find the peak OD of the red neutral chromophore (Fig. S13).

For both the Ca**-free and Ca*"-saturated spectra of K-GECO1, the red anionic form excitation
spectrum (shifted to match the peak position if necessary) was fitted to the absorbance spectrum
and subtracted, leaving only the absorption of the neutral chromophore and the unknown form
(peaking near 400 nm). To this we fit the red neutral form excitation spectrum and took the peak
value as the OD of the neutral chromophore (Fig. SI3A and B). The anionic form excitation
spectrum was measured with the Ca®"-saturated sample with emission registration at 700 nm.
The neutral form excitation spectrum was measured with the Ca**-free sample with emission
registration at 530 nm.

For the Ca*"-saturated state of CAR-GECO1, the excitation spectrum of the immature anionic
green chromophore was subtracted from the absorbance spectrum and then the red neutral form
excitation spectrum was fitted under the difference spectrum to find the OD (Fig. S13C). For the
Ca®'-free state, the red neutral form excitation spectrum was fitted to the unadulterated spectrum
(Fig. S13D). The anionic green chromophore excitation spectrum was measured from Ca®'-
saturated CAR-GECO1 with emission registration at 540 nm. The red neutral form excitation
spectrum was measured scanning the Ca>"-free sample with emission registration at 540 nm.



Emission spectra

The LS 55 Fluorescence Spectrometer (PerkinElmer, Waltham, MA) was used to collect
emission spectra with 10 nm excitation slits and 5 nm emission slits. The emission spectra were
corrected for spectral sensitivity of the detection system by applying a correction function
created with the Spectral Fluorescence Standard Kit (Millipore-Sigma, Darmstadt, Germany).

Structural analysis

The illustration of the K-GECOI crystal structure in Fig. 2A and structural analyses from the
discussion were performed with the UCSF Chimera package (University of California, San
Francisco, CA). Chimera is developed by the UCSF Resource for Biocomputing, Visualization,
and Informatics (supported by NIGMS P41-GM103311).

Development and Ca’" K determination of jREX-GECOI

To increase the Ca”" affinity of REX-GECOL1 (1), the Q306D and M339F mutations were
introduced using the QuikChange Mutagenesis Kit (Agilent Technologies, Santa Clara, CA).
These two mutations were reported to be responsible for the increased Ca”" affinity of
JRGECO1a (2) relative to R-GECO1. The resulting variant was designated as JREX-GECOL1. To
determine the K, of JREX-GECO1, Ca®" titrations were performed using EGTA-buffered Ca®"
solutions as previously described (3). Briefly, purified proteins were diluted into a series of
buffers with free Ca*" concentrations ranging from 0 nM to 39 puM at 25 °C. These buffered Ca®"
solutions were prepared by mixing a CaEGTA buffer (30 mM MOPS, 100 mM KCl, 10 mM
EGTA, 10 mM CacCl,) and an EGTA buffer (30 mM MOPS, 100 mM KCI, 10 mM EGTA) at
appropriate ratios. Fluorescence intensities were measured and plotted against Ca*"
concentrations and fitted by a sigmoidal binding function to extract the Hill coefficient and K,
for Ca®".



Table S1. Additional biophysical properties of the red GECIs.

Class Protein Ca*™  pK,(s), this pK., K, for Hill IRmax  E(ARmax) O Fi(lrmax)  F2(Armax)
work literature Ca**  Coefficient (nm) +5% (ARmax) +13% +21%
(mM) mM'em") +17% (@mM’'em”) (GM)
(GM)
1 R-GECO1 - 8.69+0.03 89°,87° 482"  206%2° 516 27 16 0.23 0.14
+ 521+0.02, 6.59,64% 337, 1.51° 32 26 53 4.4
7.1£0.1, 449°
10.33 +0.05
R-GECO1.2 - 8.98 +0.02 8.93¢ 1200¢ 2.79¢ 514 23 14 0.16 0.10
+ 5.42 +0.02, 5.99¢ 30 28 73 7
8.0+0.3,
10.77 £ 0.05
jRGECO1a - 8.63+0.03 8.6" 148" 1.9° 514 26 11 0.25 0.10
+ 4.97 +0.03, 6.3° 33 26 5.9 5
6.74 £ 0.08,
10.51 +0.06
0-GECO1 - 9.52 +0.01 9.444 1500° 2.06° 502 26 13 0.04 0.021
+ 6.24 +0.01, 6.07° 29 20 5.9 42
11.25+0.09
CAR- - 8.96 + 0.02 9.05¢ 490¢ 2.01¢ 516 31 16 0.20 0.10
GECO1 + 5.29+0.01, 5.74 35 31 8.2 7
84+0.2,
10.5+0.1
I K-GECO1 - 6.71 +0.04, 165° 1.12° 530 39 15 1.9 0.7
8.23 +0.04
+ 6.34+0.03 44 22 16 8
jRCaMP1a - 6.48 £ 0.05 5.6° 214° 0.86° 518 27 17 43 2.7
+ 6.20 + 0.03 6.4° 26 16 11 7
I REX- - 46+0.2, 6.5" 240" 1.8" 450 7.0 8.2 0.16 0.19
GECO1 7.6+0.2,
10.0 + 0.1
+ 11.70 + 0.02 25 33 5.2 7
JjREX- - 46+0.1, 200 1.67 450 8.2 10 0.18 0.23
GECO1 7.80 +0.04,
9.67 +0.05
+ 11.63 +0.02 26 36 5.4 7
References:
'0)
(2)
“(4)
(%)
°(6)

(1)
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Figure S1. Analytical method to find correct fluorescence quantum yield, as described in Materials and Methods.
Demonstrated in a mixture of 6.5 uM 3,3'-Dioctadecyloxacarbocyanine perchlorate (DODOC) and 1.2 uM Cresyl
Violet (CV) in ethanol. (4) Absorbance spectrum of the mixture with respective spectra of CV and DODOC fitted
underneath. Dashed lines indicate the excitation wavelengths used in the integrating sphere to get the quantum yield
of CV. (B) Illustration of the “very short” (E) and “short” (H) fluorescence integrals for A,y and A, excitation of
CV. The normalized absorption of CV is shown for reference. Ej;,. is shaded dark blue; E,.; is dark red; Hyy,, is light
blue; and H,.4 is pink.
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Figure S2. Example plots with fitted linear slope used to determine the neutral and anionic extinction coefficients
for some of the red GECls, as explained in Materials and Methods. Shown is data from the CAR-GECO1 pH
titrations.
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Figure S3. Normalizing the Ca**-saturated/free F, ratio spectra to the ratios determined at three excitation
wavelengths around the maximum. Shown are the ratio spectra normalized to the three wavelengths separately and
then averaged for JRGECO1a, K-GECO1, and jREX-GECO1 as examples.
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Figure S4. Illustration of the neutral and anionic forms of the chromophores in the red GECIs under study. (4) R-
GECO1-type chromophore, same as Fig. 2D in main text (PDB ID: 412Y (4)). (B) O-GECO1-type chromophore
(from mOrange structure, PDB ID: 2H50 (7)). (C) jRCaMP1la-type chromophore (from RCaMP structure, PDB ID:
3U0K (4)).



. R-GECO1
. R-GECO1.2
. JRGECO1a
0-GECO1

. CAR-GECO1
. REX-GECO1
. JREX-GECO1
. jRCaMP1a

. K-GECO1

CONOURWNE

© © N O U A W N © © N O U A W N © © N O U A W N

© © N O U A W N

10 20 30 40 50 60 70 80

MVDSSRRKWNKAGHAVRAIGRLSS----- PVVSERMYPEDGALKSEIKKGLRLKDGGHYAAEVKTTYKAKKP---VQLPG
MVDSSRRKWNKAGHAVRAIGRLSS----- PVVSERMYPEDGALKSEIKKGLRLKDGGHYAAEVKTTYKAKKP---VQLPG
MVDSSRRKWNKAGHAVRAIGRLSS----- PVVSERMYPEDGALKSEIKKGLRLKDGGHYAAEVKTTYKAKKP---VQLPG
MVDSSRRKWIKAGHAVRAIGRLSS----- PVVSERMYPEDGVLKSEIKKGLRLKDGGHYAAEVKTTYKAKKP---VQLPG
MVDSSRRKWNKAGHAVRAIGRLSS----- PVVSERMYPEDGALKSEIKKGLRLKDGGHYAAEVKTTYKAKKP---VQLPG
MVDSSRRKWNKAGHAVRAIGRLSS----- RWVSEWMYPEDGALKSVIKEGLRLKDGGHYAAEVRTTYKAKKP---VQLPG
MVDSSRRKWNKAGHAVRAIGRLSS----- RWVSEWMYPEDGALKSVIKEGLRLKDGGHYAAEVRTTYKAKKP---VQLPG
MVDSSRRKWNKTGHAVRAIGRLSS----- AINCEMMYPADGGLRGYTHMALKVDGGGHLSCSFVTTYRSKKTVGNIKMPA
MGSVKLIPSLTTVILVKSMLRKRSFGNPFKYNTETLYPADGGLEGACDMALKLVGGGHLNCSLETTYRSKKPATNLKMPG

90 100 110 120 130 140 150 160

AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-STGGMDELYKGGTGGSLVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFE
AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-STGGMDELYKGGTGGSLVSKGEEDNRAIVKEFMRFKLHMEGSVNGHEFE
AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-STGGMDELYKGGTGGSLVSKGEEDNMAITIKEFMRFKVHMEGSVNGHEFE
AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-PTGGRDELYKGGTGGSLVSKGEEDNMAITIKEFMRFKVHMEGSVNGHEFE
AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-STGGMDELYKGGTGGSLVSKGVEDNMAIVKEFMRFKTHIEGSVNGHEFE
AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-PTGGMVGLYKGGTGGSLVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFE
AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-PTGGMVGLYKGGTGGSLVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFE
IHSVSHRLERLEESDNEMFVVQREHAVAKFVGLGG- - - - - GGGTGGSMNS-------- LIKENMRMKVVLEGSVNGHQFK
VYNVDHRLERIKEADDETYVELHEVAVARYVGLGG----- GGGTGGSVSE-------- LIKENMPMKLYMEGTVNNHHFK

170 180 190 200 210 220 230 240

IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVN
IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQLMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVS
IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVN
IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQFTYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVN
IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQIMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVN
IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSLQFMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMIFEDGGIIHVN
IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSLQFMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMIFEDGGIIHVN
CTGEGEGNPYMGTQTMRIKVIEGGPLPFAFDILATSFMYGSRTFIKYPKGIPDFFKQSFPEGFTWERVTRYEDGGVITVM
CTSEGEGKPYEGTQTMRIKVVEGGPLPFAFDILATSFMYGSRTFIKHPPGIPDFFKQSFPEGFTWERVTTYEDGGVLTAT

250 260 270 280 290 300 310 320

QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEATRDQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQN
QDTSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEATRDQLTEEQIAEFKEAFSLFDKDGDGTMTTKELGTVMRSLGQN
QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEATRDDLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVFRSLGQN
QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEATRDQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVLRSLGQN
QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEPTRDQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQN
QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEPTRDQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVLRSLGQN
QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEPTRDDLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVFRSLGQN
QDTSLEDGCLVYHVQVRGVNFPSNGAVMQKKTKGWEPTDSQTTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQN
QDTSLQDGCLIYNVKVRGMNFPANGPVMQKKTLGWEASNGQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQN

Figure S5 (continued on next page with legend). Protein sequence alignment of red GECIs under study.
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Figure S5 (continued from previous page). Protein sequence alignment of red GECIs under study. Residues that
differ from the consensus sequence are highlighted in pink. The colored bars underneath the sequence indicate the
respective parts of the protein: the CaM-binding peptide RS20 or ckkap is yellow; linkers 1 and 2 are blue; the
circularly-permuted red FP is red with the chromophore sequence in gold; and calmodulin is aqua.
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Figure S6. Excitation (one-photon) spectra (ex) and emission spectra (em) of the Ca®'-free and Ca*"-saturated states
for each protein. All spectra are normalized to 1. The excitation spectra were scanned while collecting the entire
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A D G
1 R-GECO1 Ca?*-free —65 1R-GECO1 Ca*-saturated ~—— 41 R-GECO1
12 —6.9 12 —5.11 =109 4 ca?free 10.33
[0} o
e 1 — 718 1 —548 ‘E 7 e Ca’-saturated
S 1.0 —— 784 1.0 6.43 S84
2 833 1 7.22 s 71
308 872 0.8 8.88 Q 06
G 9.29 g ——10.19 o
T 06+ 106 0.6 —11.79 2 ]
N B >10.6 B L~ --->11.79 N 0.4 -
T 0.4 >10.6 0.4 T 1
E --->106 1 E 0.2
So024 0.2 2
00— 00l e 0 - —————
400 450 500 550 600 650 400 450 500 550 600 650 2 4 6 8 10 12
B E H
1R-GECO1.2 Ca?*free —7.18 1R-GECO1.2 Ca?*-saturated —— 421 1R-GECO1.2
12 —— 824 1.2 —49 _1.04
g —856 1 —5.19 2 |
5 1.0 N ——895 1.0 —— 558 Sos4
2 / 9.32 1 ——6.16 s |
2 0.8 / 9.92 0.8 72 =06
| 10.37 4 8.7 hadl
06 N >10.37 0.6 10.16 o ]
N >10.37 - 10.92 S04
T 0.4 - -~ >1037 0.4 ——1205 T
E 1 4 >12.05 €02
2024 0.2+ - -~ >12.05 S |
0.0 41— ool — 0 - e ————————
400 450 500 550 600 650 400 450 500 550 600 650 2 4 6 8 10 12
C F I
1 0-GECO1 Ca*-free —6.42 0-GECO1 Ca?*-saturated ~——5.01 71 0-GECO1
1.2 — 719 12 —— 561 _10-
8 —862 ——5.88 e |
& 1.04 9.07 1.0 —6.19 Sos
2 9.41 ——6.45 s |
& 0.8 9.75 0.8 6.77 =06
8 1 ——10.41 7.21 Shadl
T 06+ ——11.36 06 8.87 o ]
N - -~ >11.36 10.58 S04+
T 0.4 04 11.32 T A
E — 172 E024
2024 0.2 ——12.14 S ]
1 - - >12.14 0.04
ool ST 0.0 -
400 450 500 550 600 650 400 450 500 550 600 650 2 4 6 8 10 12
Wavelength (nm) Wavelength (nm) pH

10

Figure S7. Plotted as in Fig. 4 of the main text and Fig. S8. Titrations from neutral to acidic pH and neutral to
alkaline pH were done separately and then combined. The figures are normalized to the observed maximal
absorbance of the anionic form. (4-F) Absorbance pH titrations, measured in either Ca*"-free or Ca**-saturated

buffer as noted. Each spectrum was measured at the pH value designated in the legends. The final spectrum (red
dashed line) belongs to the denatured chromophore. (G-I) Apparent pK, curves, showing the OD of the anionic form
as a function of pH. The pK, values are indicated on the fitted curve.
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Figure S8. Plotted as in Fig. 4 of the main text and Fig. S7. Titrations from neutral to acidic pH and neutral to
alkaline pH were done separately and then combined. The figures are normalized to the observed maximal
absorbance of the anionic form. (4-F) Absorbance pH titrations, measured in either Ca**-free or Ca**-saturated
buffer as noted. Each spectrum was measured at the pH value designated in the legends. The final spectrum (red
dashed line) belongs to the denatured chromophore. (G-I) Apparent pK, curves, showing the OD of the anionic form
as a function of pH. The pK, values are indicated on the fitted curve. () Only part of the jJRCaMP1a titrations could
be fitted because of protein precipitation at pH values below those displayed and early denaturation of the anionic
form at higher pH values.
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Figure S9. Spectral analysis of R-GECOI1 (row 1), R-GECO1.2 (row 2), and O-GECO1 (row 3). Plots are set up as
in Fig. 5 of main text and Fig. S10. The vertical dashed line on each plot indicates the transition wavelength of
excitation (Agmax) Where the Ca**-saturated/free F, and F, ratios are approximately maximum. (4-C) Ca*'-
saturated/free (Sat/Free) F; (dotted line) and F, (solid line) ratios as a function of excitation wavelength, measured
directly by taking the ratio of the integrated fluorescence signal normalized to the known relative protein
concentration between the Ca>'-free and Ca®'-saturated samples. (D-F) Spectra of the one-photon brightness (F,
dotted lines, left and bottom axes) and two-photon brightness (F,, solid lines, right and top axes) of the Ca®*-free and
Ca*"-saturated states. (G-I) One-photon absorption (1PA) and two-photon absorption (2PA) of the excitable form of
the chromophore, shown in values of & (left and bottom axes) and o, (right and top axes), respectively, for the
Ca**-free and Ca®"-saturated states.
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Figure S10. Spectral analysis of CAR-GECO1 (row 1), jJRCaMP1la (row 2), and REX-GECO1 (row 3). Plots are set
up as in Figure 5 of main text and Figure S9. The vertical dashed line on each plot indicates the transition
wavelength of excitation (Armax) Where the Ca*'-saturated/free F, and F, ratios are approximately maximum. (4-C)
Ca*"-saturated/free (Sat/Free) F, (dotted line) and F, (solid line) ratios as a function of excitation wavelength,
measured directly by taking the ratio of the integrated fluorescence signal normalized to the known relative protein
concentration between the Ca>'-free and Ca®'-saturated samples. (D-F) Spectra of the one-photon brightness (F,
dotted lines, left and bottom axes) and two-photon brightness (F,, solid lines, right and top axes) of the Ca®*-free and
Ca*"-saturated states. (G-I) One-photon absorption (1PA) and two-photon absorption (2PA) of the excitable form of
the chromophore, shown in values of €. (left and bottom axes) and o, (right and top axes), respectively, for the
Ca**-free and Ca®"-saturated states.
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Figure S11. Two-photon absorption spectra plotted according to two-photon brightness. The scale for the Ca*'-
saturated spectra is on the left, and the scale for the Ca**-free spectra is on the right.



15

A B C
R-GECO1 30- R-GECO1.2 O-GECO1
1 80 1404
T 40
15 254 1 200
T | J 120 T
J 40 1
° 20 ° 20 o 100 100
10 e Qo 1
s = & 154 [ —— b L 804 0 —
] ) & Fi(max)  Fo(trmad) 3 1 Fi(rmax)  Fo(rmax)
24 N
5. R
24 4
. N I
[ = 1 =
A W L 1 ‘ ‘ ‘ ‘
0 0 0
Q@ @ @'O} @’E Qe Q@ &'E @'”1 Qe Q@ @"1 &f;
Q€ Q® Q€ Q€ Q€ Q<
we &? we &° we RS
D E F
30, CAR-GECO1 R REX-GECO1
7 80 4 [
25 ] 34 = ) 12
204 40 T 2 (] % 9
® I ®
c ] II £ I - 7 i
w15~ w T w7
> [ — — > 26
8 4 Fi(trmax)  Folhrmax) % 1 Fi(trmax)  Folhrmax) g 7
1 |- [EER__ [SE—| __- PO I ]
2 34
e [ |
0 IR S B 0 0
Q@ <@ 0} &; Qe Q@ ; @“’) Qe Q@ &,; @3
Q€ Q< Q€ Q€ Q® Q<
we we RS we 6°

Figure S12. Plotted as in Fig. 6 of main text. Ca’"-saturated/free ratios (Sat/Free) for pe, @c, €e(ArRmax), and 62 ¢(Armax)-
Insets: Ca’ -saturated/free F, and F, ratios, both calculated from the independent measurements of pe, @, €., and o,
(tan) and measured directly (green) as described in Fig. 5 of main text. The horizontal dashed line marks a Sat/Free
ratio of 1 (no change) for each plot. Error bars represent estimated standard deviations.
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