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DISCUSSION OF SUPERFOLDER MUTATIONS

The superfolder mutations (S30R, Y39N, N105T/Y and 1171V) were structurally highly similar
in rsGreen0.7 compared to sfGFP. Arginine 30 has the same conformation in rsGreen(.7 (off-
state) as in sfGFP, resulting in a similar electrostatic network stabilizing B-strands 1, 2, 5 and 6.
This network is not present in EGFP. It adopts a different conformation in the on-state
rsGreen0.7, but can still form a stabilizing network through an additional water molecule (Figure
S19, supporting information). Compared to sfGFP, both the on- and the off-state structure of
rsGreen0.7 reveal a different conformation for Asn39. Whereas this asparagine in sfGFP forms a
direct interaction with aspartate 36, tightening the loop between B-strands 2 and 3, the different
conformation in rsGreen(.7 allows a hydrogen-bonding network to the sidechain of aspartate 36
through a water molecule (Figure S20, supporting information). Around residue 105 many
residues display multiple conformations in the crystal structures indicating a high degree of
flexibility. Therefore, the increased stability may be caused by the high B-sheet propensity of
threonine (rsGreen0.7) and tyrosine (sfGFP) compared to arginine (EGFP, rsEGFP). The 1171V
mutation in rsGreen0.7 adopts the same conformation as seen in sfGFP and most likely causes
side chain stabilization through nonpolar interactions. As for the cycle-3 mutations, F99S and
M153T, no structural rearrangements could be detected in the crystal structures in relation to
EGFP and sfGFP. Both mutations likely act by reducing the overall hydrophobicity of the
proteins." Mutation S72A is well known to improve the chromophore maturation and folding

kinetics, although the mechanism remains unclear.

Although no crystal structures of other rsGreens are available at present, we can use the
rsGreen0.7 crystal structures to speculate about the role of the other introduced mutations. The

mutation of leucine 44, a buried residue at the back of the chromophore, to methionine improves



the photoswitching while slightly reducing the brightness (rsGreen0.9). While multiple
conformations of leucine 44 are observed in the EGFP structure (4EUL)? indicating flexibility,
our structures and the sfGFP structures (2B3P, 4LQT)>* reveal only a single conformation, which
might be due to the increased rigidity or stability introduced by superfolder mutations. Because
methionine has more degrees of freedom than leucine, we speculate that it enhances the
flexibility of the chromophore environment, allowing efficient photoswitching.” K101E and
K162R are both located near loop regions, facing outward. The additional polar interactions
could stabilize otherwise flexible regions of the FP leading to an increase in the overall structural
stability. Interestingly, the K101E mutation was also identified in an intermediate product during
the evolution towards superfast GFP, but was not retained in the final version.® The H169L
mutation affects both brightness, which is increased, and photoswitching contrast, which is
decreased. Furthermore, it is likely to be the cause of the pKa difference between rsGreen0.8
(pKa = 6.7) and rsGreen0.9 (pKa = 5.7), due to its proximity to the chromophore and residue 145.
Mutation A2278S, leading to increased brightness, introduces the possibility for polar interactions
and can have a large impact on the otherwise more flexible C-terminal region. The final rsGreenl
mutation, N149D is situated near the chromophore p-hydroxyphenyl moiety and several other
residues that influence photoswitching, such as histidine 148." Therefore, an effect on the
brightness and photochromism was to be expected, although the reason or mechanism remains

unclear as its side chain points outwards the B-can.



MATERIALS AND METHODS
Supporting Method 1: Screening, brightness analysis & switching analysis

Library screening for brightness and photoswitching behavior was performed on a colony
imaging system adapted from Mizuno and coworkers.® The system consists of a 300 W xenon
lamp (MAX-302, Asahi Spectra) with a motorized filter exchanger, a cooled EMCCD camera
(Cascade 512B, Photometrics) equipped with a c-mount lens (Fujinon TV 1:1.4/16, Fuji Photo
Optical Co.) and a motorized filter wheel (FW102C, Thorlabs) All components are driven by a
home written routine in IgorPro (Wavemetrics). The light from the ASAHI lamp was passed
through a 480/40 bandpass filter for both excitation and off-switching. On switching light was
achieved by passing the light through a 400/30 bandpass filter. Images were recorded by the
EMCCD camera through a 530/40 bandpass filter. Imaging parameters such as acquisition time
(0.1-1 s) and illumination power (0-100%) were adjusted to make optimal use of the available
dynamic range. Single images are sufficient for brightness analysis, while photoswitching was
screened for by time-lapse imaging of the colonies under differing illumination conditions. A
typical photoswitching screen consisted of 60-150 s illumination through the 400/30 bandpass
filter at 30% of maximum power to induce on-switching, followed by 20 min off-switching
(illumination through the 480/40 bandpass filter at full power) and 15 min on-switching (400/30
bandpass filter at 30% of maximum power). Images were recorded every 30 s using excitation

light passing through the 480/40 bandpass filter.

During directed mutagenesis screening, 2-3 brightest colonies were selected, picked and
cultured, miniprepped and transformed in IM109(DE3) E. coli cells. Multiple clones were plated

in distinct regions of the same bacterial growth plate, which also included a region with colonies



expressing the template protein. Clones brighter than the template were sent for sequencing (LGC
Genomics) and used as a template in a subsequent mutagenesis approach. Only clones that
exhibited obvious reversible photoswitching behavior were considered for characterization and
further mutagenesis. StEP mutagenesis libraries were screened similarly, but a larger amount (5-

15) of bright colonies was primarily selected for comparative screening.

Libraries generated by random mutagenesis were either screened or completely pooled and
used as a template for subsequent random mutagenesis. When screened, up to 100 bright colonies
from a single plate were picked, pooled, grown, miniprepped and used for subsequent
mutagenesis. The brightest clones (~5) were cultured separately and used for comparative

screening.

To identify mutants with increased switching behavior, a ratio image of the on-state, before
illumination through the 480/40 filter, over the off-state, after illumination through the 480/40
filter, was calculated. The resulting image allowed for the fast and easy identification of good

switchers, displaying higher contrast values.

Supporting Method 2: Expression and purification

Expression was performed in a JM109(DE3) (Promega) E. coli strain relying on leak
expression of the T7 promotor controlling the inserted gene. A fresh colony (15-24 hours after
transformation) was used to inoculate 200-300 mL LB (Luria Bertani) medium supplemented
with 100 pg/mL ampicillin and grown for 48-72 hours at 21°C with constant shaking (200-250
rpm.). Cells were spinned down for 15 minutes at 5000 rpm and 4°C and the cell pellet was
resuspended in ice-cold PBS supplemented with protease inhibitor (cOmplete mini, Roche). The

E. coli cells were lysed using a french pressure cell and the cellular debris was spinned down for



10 minutes at 8000 rpm and 4°C. The supernatant was incubated with Ni-NTA agarose resin
(Qiagen) and the recombinant FPs were allowed to bind to the resin for approximately 1 hour at
4°C under constant mixing. The Ni-NTA agarose was allowed to pack onto polypropylene 5 mL
columns (Thermo scientific) and washed with excess TN buffer (100 mM Tris-HCI, 300 mM
NaCl, pH 7.4). Elution of the proteins was done using TN buffer supplemented with 200 mM
imidazole. Buffer exchange using PD-10 desalting columns (GE Healthcare) was used, eluting
the proteins in regular TN buffer or PBS. Protein solutions were stably stored at 4°C for the

duration of the experiments.
Supporting Method 3: Eukaryotic cell culture

For flow cytometry and microscopy experiments, HeLa cells and HEK293T cells were cultured
in DMEM supplemented with 10% (v/v) FBS, 1% (v/v) glutaMAXTM and 0.1% (v/v) gentamicin
(all Gibco) and subcultured every 3-4 days. Before transfection, 250000 - 500000 HeLa cells
were seeded in 35 mm glass bottom dishes (MatTek) or a 6 well plate (CELLSTAR, Greiner) and
incubated overnight. Cells were transfected using the calcium phosphate method. Briefly, 32 mL
CaCl; (2 M) was thoroughly mixed with 5 pg plasmid DNA in 218 pL dH,O to a total volume of
250 pL. This DNA mixture was added dropwise to 250 pL 2x HBS (50 mM HEPES, 280 mM
NaCl, 1.5 mM Na,HPOy, at pH 7.05-7.06, filter sterilized) and immediately added to the medium
on top of the cells. Care was taken not to disturb the DNA complexes. Cells were washed twice

with PBS (pH 7.4) after 8-12 hours and supplied with fresh growth medium.

For Flow cytometry analysis, equal amounts of plasmid DNA were used for each transfection.
Control experiments were performed by measuring untransfected cells and cells transfected with

pcDNA3 (negative controls) and pcDNA3::EGFP (positive control). 24 hours post transfection;



the cells were washed twice with PBS and loosened by covering the cells with a mixture of
trypsin in PBS and placing the cells at 37°C for 2-5 min. The cells were loosened further by
gentle tapping and the trypsin was deactivated by the addition of DMEM supplemented with 10%
(v/v) FBS. The entire cell suspension was centrifuged at 400 g for 5 minutes, the supernatant was
removed and the cell pellet was gently resuspended in 1mL fresh HBSS (8 g/L NaCl, 400 mg/L
KCl, 1 g/L glucose, 350 mg/L NaHCO;, 60 mg/L KH,PO4 and 47.86 mg/L Na,HPO,). This
process was repeated once more and cells were transported to the KU Leuven FACS Core. 20
minutes prior to the cytometry experiment, 10 pL of a 7-AAD solution (1 mg 7-AAD in 50 pL
DMSO and 950 uL PBS) was added to the cell suspension and incubated in the dark. All

manipulations were performed at room temperature.

Prior to pcSOFI imaging and widefield microscopy (24-48 hours after transfection), cells were
washed 3x with preheated PBS (Gibco) and 2 mL HBSS (Gibco) was added to allow cell survival

at conditions without 5% CO,.

For RESOLFT imaging, HeLa cells were grown at 37 °C and 5% CO2 in DMEM (Invitrogen,
Carlsbad, CA) containing 5% FCS (PAA, Pasching, Austria), 100 units per ml streptomycin, 100
pg/ml penicillin (all Biochrom, Berlin, Germany), and 1 mM pyruvate (Sigma, St. Louis, USA ).
For transfection, cells were seeded on cover glasses in 6-well plates. Transfection was performed
with Turbofect (Life technologies, Carlsbad, CA, USA) according to the manufacturer’s

instructions. RESOLFT images were recorded one day after transfection.



Supporting Method 4: X-ray data collection, analysis and refinement

X-ray diffraction data of rsGreen0.7 in its green-on state was collected under a nitrogen
cryostream of 100 K, using a wavelength of 1.00 A (12.4 keV) and a PILATUS detector at the
XRD1 beamline of Elettra, Italy. Data collection of rsGreen0.7 green-off was performed at the
PROXIMA 1 beamline at Soleil, France. Also here, a cold nitrogen stream of 100 K and a

PILATUS detector were used, but a wavelength of 0.8856 A (14.0 keV) was used.

The data of both the rsGreen(.7 on- and off state was indexed and integrated using XDS v.
January 10, 2014’ and scaled and merged using Phenix.reflection file editor'®. The structures
were solved by molecular replacement using Phaser v.2.5.6'". The coordinates of superfolder
GFP (PDB ID: 2B3P) and rsGreen(.7 in the on-state were used as phasing models in solving the
structure of the green-on state and the off-state, respectively. The likelihood-based refinement
was carried out using Phenix.refine v.1.9'%. The subsequent refinement cycles consisted of three
macro-cycles of bulk-solvent and anisotropic scaling, individual coordinate and occupancy

refinement.

After the first refinement cycle, the chromophores and mutated residues were modelled in the
difference map, using Coot v.0.7.2". Water molecules were included in the model if they were
within hydrogen bonding distance (2.2 — 3.5 A) to chemically reasonable groups, appeared in
mFo-DFc maps contoured at 3.0 ¢, and had a B-factor less than 80 A% Riding hydrogen atoms
were added to both structures. B-factors were anisotropically refined for non-hydrogen protein
atoms in residues with a single conformation. The other atoms and water molecules have
isotropically refined B-factors. Standard dictionary files were used for the amino acid residues,

with additional dictionary files created by eLBOW' for the chromophore.



The structure of rsGreen(.7 in its green-off state also contains electron density for the on-state
structure. Therefore, at position 203, 204, 205, 148 and the chromophore (residues with big
differences between the on- and off-state), on-state residues were modeled as alternative
conformations named B. Their occupancies were linked to each other and got an occupancy
factor of 42%. To differentiate between these “on-state” residues and alternative configurations in

the off-state, the latter were modeled as alternative conformations named C.

The data collection and refinement statistics can be found in Table S4 (supporting information).
The structures of rsGreen(0.7 green-on and green-off were deposited in the PDB with codes

4XOW and 4XOV, respectively. Images were created using Pymol (www.pymol.com).



Table S1: List of directed mutations tested in rsEGFP during the development of rsGreen0.7.

Mutation Present in rsGreenX  References
Ser30Arg 3,15
Tyr39Asn - 3,15
Val68Leu No 616,17
Ser72Ala 6,16-22
Phe99Ser - 13,15,23
Asn105Thr No 3,15
AsntosTyr - [res T ¢
Glul24Val No 6
Tyr145Phe _ 3.6,15,18.22
Ser147Pro No 24,25
Asnl49Lys No 18-20
Met153Thr _ 13,15,17.21,23
Ile167Thr No 18-21,26
lle171Val Yes
Ser175Gly No 17.22,26
Thr203His No 15,18,27

Mutations that improved the in colony brightness of the
ferritin-rsEGFP construct were kept in the final variant.
Mutations that did not cause a visible improvement in
brightness were discarded. * not present in rsGreen0.7b
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Table S2: Renaturation and theoretical maturation of EGFP, rsEGFP, rsEGFP2, rsGreen0.7,

EGFP| rsEGFP rsGreen
1 2 107 07b 0.8 09 1 F

Maturation (E. coli brightness /
molecular brightness)

Maturation (HEK293T brightness /
molecular brightness)

1.0 102 18|50 24 64 42 51 80

1.0 {02 04|10 ND 1.0 04 05 0.7

Renaturation rate 1 34 |36 81|45 49 41 60 47 44
(107 s
Renaturation rate 2 45 |51 55165 68 71 91 82 76
(107 s

Renaturation rate 1 and 2 are determined by the double-exponential fit of the renaturation
data and used to calculate the weighted average renaturation rate listed in Table 1.

rsGreen0.7b, rsGreen0.8, rsGreen0.9, rsGreenl and rsGreenkF.
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Table S3: List of primers.

name sequence role

(rs)EGFP BamHI FWD 5-GCGGGATCCGATGGTGAGCAAGGGCGAG pRSETb-FP / pcDNA3-Lyn-FP /
(rs)EGFP EcoRI REV* 5-GCGAATTCTTACTTGTACAGCTCGTC pcDNA3-DAKAP-FP / pcDNA3-FP
(rs)EGFP AGSG FWD 5-GCGGTACCGCTGGTTCTGGCGAATTCATGGTGAGCAAGGGCGAG
(rs)EGFP AGSAAGSG FWD 5'-GCGGTACCGCTGGCTCCGCTGCTGGTTCTGGCGAATTCATGGTG
(rs)EGFP HindIIl REV* 5-GCAAGCTTTTACTTGTACAGCTCGTC

Ferritin BamHI FWD 5'-GCGGATCCGATGGACTCACAGGTGCGCCAG

Ferritin Kpnl REV 5-GCGGTACCAGAGGATTCCCCCATGGTG

(rs)EGFP HindIIl FWD 5'-GCGAAGCTTGCCACCATGGTGAGCAAGGGCGAGGAGC

(rs)EGFP BamHI REV 5-GCGGGATCCCTTGTACAGCTCGTCCATGC

pRSETb-Ferritin-FP

pcDNA3-FP-Tubulin

(rs)EGFP Agel FWD 5’-TCCACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTC prsGreenF-vimentin

(rs)EGFP Notl REV

rsEGFP-S30R
rsEGFP-Y39N
rsGreen(.8-L44M
rsEGFP-V68L
rsEGFP-S72A
rsEGFP-F99S
rsGreen(0.8-K101E
rsEGFP-N105T
rsEGFP-T105Y
rsEGFP-E124V
rsEGFP-Y 145F
rsGreen(.7-F145Y
rsEGFP-S147P
rsEGFP-N149K
rsEGFP-M153T
rsEGFP-1167T
rsGreen0.8-H169L
rsEGFP-1171V
rsEGFP-S175G
rsEGFP-T203H

5’-GTCGCGGCCGCTACTTGTACAGCTCGTCCATGCCGAGAG

5'-CAAGTTCAGCGTGCGCGGCGAGGGCGAG
5'-GGGCGATGCCACCAACGGCAAGCTGAC
5'-CAACGGCAAGCTGACCATGAAGTTCATCTGCAC
5'-CCCTGACCTACGGCTTGCTGTGCTTCAGC
5-CGTGCTGTGCTTCGCCCGCTACCCCGAC
5'-CAGGAGCGCACCATCAGCTTCAAGGACGACGG
5'-CGCACCATCAGCTTCGAGGACGACGGCTATT
5'-CAAGGACGACGGCACCTACAAGACCCGCG
5'-CTTCAAGGACGACGGCTATTACAAGACCCGCGCCG
5'-GGTGAACCGCATCGTGCTGAAGGGCATCG
5'-AAGCTGGAGTACAACTTCAACAGCCACAACGCC
5'-CACAAGCTGGAGTACAACTATAACAGCCACAACGCCTATA
5'-GCTGGAGTACAACTTCAACCCCCACAACGCCTATATCACG
5"TACAACTTCAACAGCCACAAGGCCTATATCACGG
5'-ACAGCCACAACGCCTATATCACGGCCGACAAGC
5'-CGGCATCAAGTCTAACTTCAAGACCCGCCACAACGT
5-CTTCAAGATCCGCCTCAACGTCGAGGACG
5-GATCCGCCACAACGTCGAGGACGGCAG
5-GTCGAGGACGGCGGCGTGCAGCTCG
5'-CGACAACCACTACCTGAGCCACCAGAATAAGCTGAGCAAA

QC primers
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Table S4: Crystallographic data collection and refinement statistics.

rsGreen().7 rsGreen0.7
green-on green-off

PDB ID 4XOW 4X0OV
Space group P2,2:24 P2:2:2;
Unit cell parameters
a,b,c(A) 31.76 61.60 105.70 31.99 61.31 105.74
Resolution range (A) ?10 2191 3 11"2255)* ?10 202_ 11.'22(?)
Ruerge (%0) 8.7 (73.1) 17.0 (65.6)
Rineas (%0) 9.5(79.7) 18.3 (70.7)
Rpim (%) 3.8(31.3) 6.8 (26.2)
CC"* (%) 99.9 (79.3) 98.2 (75.6)
<l/o(I)> 13.4 (2.6) 6.8 (2.0)
No. of reflections 364035 (36386) 477387 (46293)
No. of unique reflections 58259 (5745) 66033 (6516)
Multiplicity 6.2 (6.3) 7.2 (7.1)
Completeness (%) 99.7 (100.0) 100.0 (100.0)
Vu (A/Da) 1.99 2.07
Solvent content (%) 38.2 40.7
Molecules per asymmetric unit 1 1
Mosaicity (°) 0.27 0.04
Ruor/Riree’ (%) 14.07/16.49 14.31/16.84
RMSD from ideal

Bond lengths (A) 0.008 0.009

Bond angles (°) 1.339 1.349
No. of atoms

Protein 3835 4145

Water 365 291
Average isotropic B-factors (A%

Main chain 9.6 17.2

Side chain 13.9 23.0

Water molecules 27.8 32.0
Ramachandranplot # (%)

Residues in favored regions 98.7 98.4

Residues in allowed regions 1.3 1.6

Outliers 0.0 0.0
Rotamer” outliers (%) 0.5 0.9

" Values in parentheses are for the highest resolution shell.

§Rfree is calculated using a random 5% of data excluded from the refinement.
*Ramachandran and rotamer analysis was carried out using Molprobity™®.
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Table S5: Interactions of the p-hydroxyphenyl oxygen atom in the on- and off-state of reversibly

photoswitchable fluorescent proteins.

Protein On-state Off-state

Dronpa” " | 21E2 Ser142, H,O 2POX H,0

pcDronpa31 4HQ8 Ser142 4HQ9 Glul44, H,O

IrisFP* 2VVH Ser142, H,O 2VVI Glul44, H,0
rsTagRFP* | 3U8C (trans) H,0 3USA H,0

Padron® | 3ZUJ Ser142 3ZUF Gly144, Tyr159, H,O
Dreiklang® | 3ST4 H,0 3ST3 H,0

asFP595°° | 2A52 H,0 2A50 Ser158, H,O
mTFP0.7°’ | 20TB His163, SerS46, H,O | 20TE Glu148, H,0

14
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Figure S1: (A.) Comparison of E. coli colonies expressing rsEGFP, Ferritin-rsEGFP and no FP from
pRSETb. (B.) Histogram of colony brightness of the bacterial plate depicted in (A.). The reduction in

fluorescence when rsEGFP is fused to ferritin is apparent.
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EGFEFP MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPT 59
rsEGFP MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPT 59
rsEGFP2 MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPT 59
rsGreen0.7 MVSKGEELFTGVVPILVELDGDVNGHKFSVIRGEGEGDATNGKLTLKEFICTTGKLPVPWPT 59
rsGreen0.7b MVSKGEELFTGVVPILVELDGDVNGHKFSVIRGEGEGDATNGKLTLKEFICTTGKLPVPWPT 59
rsGreen0.8 MVSKGEELFTGVVPILVELDGDVNGHKFSVINGEGEGDATNGKLTLKFICTTGKLPVPWPT 59
rsGreen0.9 MVSKGEELFTGVVPILVELDGDVNGHKFSVINGEGEGDATNGKLTMKFICTTGKLPVPWPT 59
rsGreenl MVSKGEELFTGVVPILVELDGDVNGHKFSVIRGEGEGDATNGKLTVMKEICTTGKLPVPWPT 59
rsGreenkF MVSKGEELFTGVVPILVELDGDVNGHKFSVIRGEGEGDATNGKLTMKEICTTGKLPVPWPT 59
sfGFP M-SKGEELFTGVVPILVELDGDVNGHKFSVI§GEGEGDATNGKLTLKEFICTTGKLPVPWPT 59
EGFP LVTTLTYGNVQCEFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTL 119
rsEGFP LVTTLTYGVLCEFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTL 119
rsEGFP2 LVTTLAYGVLCFSRYPDHMKOQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTL 119
rsGreen0.7 LVTTLTYGVLCEFARYPDHMKQHDFFKSAMPEGYVQERTIBFKDDGY{YKTRAEVKFEGDTL 119
rsGreen0.7b LVTTLTYGVLCFARYPDHMKQHDFFKSAMPEGYVQERTIBJFKDDGHMYKTRAEVKFEGDTL 119
rsGreen0.8 LVTTLTYGVLCFARYPDHMKQHDFFKSAMPEGYVQERTIBJFKDDGHYKTRAEVKFEGDTL 119
rsGreen0.9 LVTTLTYGVLCFARYPDHMKOQHDFFKSAMPEGYVQERTIBFEDDGYYKTRAEVKFEGDTL 119
rsGreenl LVTTLTYGVLCFARYPDHMKQHDFFKSAMPEGYVQERTIBFEDDGYYKTRAEVKFEGDTL 119
rsGreenF LVTTLTYGVLCFARYPDHMKOQHDFFKSAMPEGYVQERTIBFEDDGYYKTRAEVKFEGDTL 119
sfGFP LVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGEYKTRAEVKFEGDTL 119
EGFP VNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLA 179
rsEGFP VNRIELKGIDFKEDGNILGHKLEYNYNSHNAYIMADKQKNGIKSNFKIRHNIEDGSVQLA 179
rsEGFP2 VNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKSNFKIRHNIEDGSVQLA 179
rsGreen0.7 VNRIELKGIDFKEDGNILGHKLEYNENSHNAYI DKOKNGIKSNFKIRHNMEDGSVQLA 179
rsGreen0.7b VNRIELKGIDFKEDGNILGHKLEYNYNSHNAYIWADKOKNGIKSNFKIRHNMEDGSVQLA 179
rsGreen0.8 VNRIELKGIDFKEDGNILGHKLEYNI@NSHNAYIADKQOKNGIESNEFKIRHNMEDGSVQLA 179
rsGreen0.9 VNRIELKGIDFKEDGNILGHKLEYNI@NSHNAYINADKQOKNGIESNEKIRENMEDGSVQLA 179
rsGreenl VNRIELKGIDFKEDGNILGHKLEYNENSHEAY ITIADKOKNGIESNEKIRENMEDGSVQLA 179
rsGreenkF VNRIELKGIDFKEDGNILGHKLEYN[ENSHNAYIWADKOKNGIESNEFKIRENMEDGSVQLA 179
sfGFP VNRIELKGIDFKEDGNILGHKLEYNENSHNVYI DKQKNGIKHNFKIRHNVEDGSVQLA 179
EGFP DHYQONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK 238
rsEGFP DHYQONTPIGDGPVLLPDNHYLSTQNKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK 238
rsEGFP2 DHYQONTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK 238
rsGreen0.7 DHYQONTPIGDGPVLLPDNHYLSTONKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK 238
rsGreen0.7b DHYQONTPIGDGPVLLPDNHYLSTQNKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK 238
rsGreen0.8 DHYQONTPIGDGPVLLPDNHYLSTONKLSKDPNEKRDHMVLLEFVTAEGITLGMDELYK 238
rsGreen0.9 DHYQONTPIGDGPVLLPDNHYLSTQNKLSKDPNEKRDHMVLLEFVTAEGITLGMDELYK 238
rsGreenl DHYQONTPIGDGPVLLPDNHYLSTONKLSKDPNEKRDHMVLLEFVTAEGITLGMDELYK 238
rsGreenkF DHYQONTPIGDGPVLLPDNHYLSTONKLSKDPNEKRDHMVLLEFVTAEGITLGMDELYK 238
sfGFP DHYQONTPIGDGPVLLPDNHYLSTQSYLSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 238

Figure S2: Amino acid alignment of the developed rsGreens with EGFP, sfGFP, rsEGFP and rsEGFP2.
The chromophore is indicated by the boxed region with the rsEGFP2 mutation underlined. Mutations
introduced during the development of rsEGFP are indicated as black letters highlighted in grey.
Mutations introduced into rsEGFP during the development of rsGreens are represented by white letters.
sfGFP mutations highlighted in black, mutations based on other FPs and found by random mutagenesis

highlighted in grey.
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Figure S3: Absorbance and emission spectra (Aex = 473 nm) taken during the photoswitching of indicated FPs from the green on-state

(green line) to the off-state (black line). During the reverse process, spectra recover to their initial state (not shown). All

photoswitching measurements were performed with identical settings on purified protein solutions.
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Figure S4: pH dependence of the absorbance spectra of the indicated FPs.
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corresponds to the pKa value of the chromophore.
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Figure S6: SDS-PAGE analysis of E. coli cultures expressing indicated FPs, grown at 37°C for 24 hours.
All cultures show obvious expression of FPs, except for rsEGFP, indicating a hampered maturation

efficiency and/or increased degradation.
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Figure S7: Size exclusion chromatography of rsEGFP, rsGreen0.7 and rsGreen(.7b, all containing a 29
AA purification tag. All FPs can be considered monomers evidenced by highly overlapping elution

profiles and an estimated molecular mass <40 kDa well below an expected mass of >55 kDa for

dimerizing FPs.
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Figure S8: Wide-field microscopy images of rsGreen-tagged human a-tubulin in live HeLa cells. Images
were taken by simultaneous illumination with 405 nm and 488 nm laserlight. Exposure times ranged from

200 - 1000 msec. Scale bars = 10 pm.
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Figure S9: Photoswitching traces of the emission and absorption (neutral and anionic peak) maxima of indicated FPs, based on the data

in figure S3. All photoswitching measurements
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were performed with

identical settings on purified FP solutions.
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Figure S10: The initial 25 photoswitching cycles of indicated FPs measured in living HeLa cells on the
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settings were adjusted for optimal use of the dynamic range of the setup.

24



A. B.
. 100 100
EX pe = 0.80 9 5~ ° pe = -0.72
55 rep = 0.88 A fsp =-0.81
<o 80F pall 80}
£5 25
e i £33
55 60 S 60 o
o= P o o=
] o 0 ® o %
€T 40} 23 °
(L) 7 °
@ P o wn O
» = o B = (-]
o I ° o
20 1 1 1 1 1 1 S 1 1 1
2 3 4 5 6 7 8 9 5 10 15 20 25
QY off switching (10'3) Off-switching halftime (s)
C. 21.0
-~ Me=-0.88
<_ 20.5F o pe
£ E 8 rep=-0.83
S, 195 o
Q
§ & 190r
T = -]
£ 8 185}
g b
[ -]
5 180} °
17.5

70 12 14 16 18 20
QY on switching (107

Figure S11: Significant correlations between the resistance to photoswitching fatigue and the efficiency of
off-switching in terms of (A.) quantum yield (QY) and (B.) halftime, and (C.) between the off-state
extinction coefficient and the on-switching efficiency. Photoswitching fatigue and off-switching halftime
data for two additional rsGreen derivatives was added for the analysis. Pearsons correlation coefficient
(rpe) and Spearmans correlation coefficient (rg) were compared against their respective critical values for

P=0.05.
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Figure S12: rsGreen0.7 mutations compared to EGFP. The B-can is depicted in green and bears the
chromophore inside (ball and sticks). The rsEGFP mutations are depicted in magenta and the superfolder
mutations in cyan. Other mutations are depicted in yellow. Mutations affecting the photoswitching

behavior, indicated by the circles, are all situated around the chromophore.

26



Figure S13: (A.) Unfavorable close contacts between the amino acids at position 69 and 150 in EGFP and
the rsGreen0.7 off-state chromophore. EGFP is depicted in magenta (PDB ID: 4EUL), rsGreen0.7 in the
off-state is depicted in gray. (B.) Due to the Q69L and the V150A mutations, enough space is created for

the off-state chromophore.
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Figure S14: Hydrogen bonding network between the rsGreen0.7 off-state chromophore, water molecule
510 and residues 163 and 183 (grey). This network does not exist in the on-state of rsGreen0.7 or EGFP

(PDB ID: 4EUL, magenta).
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Figure S15: (A.) The S205N mutation is accompanied by a displacement of the rsGreen(.7 on-state
protein backbone (green) compared to EGFP (PDB ID: 4EUL, magenta). The interactions between N205,
T203, water molecule 591 and the chromophore are shown with dashes. (B.) In the off-state of rsGreen0.7
(gray), the protein backbone is superposable with the EGFP backbone. The dashes represent hydrogen

bonding in EGFP, similar to the one shown in panel A.
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Figure S16: Structural comparison of EGFP (PDB ID: 4EUL, magenta) with tyrosine on position 145 and
sfGFP (PDB ID 2B3P, cyan), rsGreen0.7 in the on- (green) and the off-state (gray), which all have

phenylalanine on position 145.
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Figure S17: Sub-diffraction imaging with pcSOFI. Live Hela cells, transfected with pcDNA3::Lyn-
rsGreen, imaged using TIRF mode illumination. Averaged widefield images and pcSOFI images
including expansions of the boxed regions. Scale bars = 10 um for the leftmost images and 1 um for the

expansions.
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Figure S18: Sub-diffraction imaging with pcSOFI. Live Hela cells, transfected with pcDNA3::DAKAP-
rsGreen, imaged using epi-mode illumination. Averaged widefield images and pcSOFI images including
expansions of the boxed regions. Scale bars = 10 um for the leftmost images and 1 pm for the expansions.
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Figure S19: In rsGreen0.7 (A) and in sfGFP (PDB ID: 2B3P, B) a polar network between residue 32, 30,
17, 122 and 115 is established. In EGFP (PDB ID: 4EUL, C), where residue 30 is occupied by a serine,

this network cannot be formed.
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Figure S20: Hydrogen bonding of residues 36 and 39 for sfGFP (cyan) and rsGreen0.7 in the on-state
(green). rsGreen0.7 requires the presence of water molecule 569 to provide hydrogen bonding interactions

between residue 36 and 39.
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