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Supplementary Figure 1. Alignment of amino acid sequences of derivatives of RFPs with 

different phenotype.  

 

(A) TagBFP-like phenotype, (B) Fluorescent timer-like phenotype, (C) Photoactivatable-like 

phenotype, (D) Photoswitchable-like phenotype, (E) Far-red-shifted-like phenotype, (F) Large 

Stokes shift-like phenotype; and properties: (G) High quantum yield, (H) High photostability, (I) 

High pH-stability, (J) Fast maturation, (K) Monomeric state. Residues in key positions are selected 

with red, green, or blue colors to denote which of them are responsible for the respective 

phenotype independently, in concerted manner, or either of these two ways, respectively. Amino 

acid residues in the supporting positions are highlighted with yellow color. 

 

(A) TagBFP-like phenotype 

 

                        10        20        30        40        50 
                         |         |         |         |         | 
GFP             MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
Blue102    MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
Blue124    MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
mTagBFP           MSEELIKENMHMKLYMEGTVDNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
 
                60        70        80        90       100       110 
                 |    ***  |         |         |         |         | 
GFP             TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
Blue102         ILSPQFLYGSRAYVKHPADIP--DYWKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
Blue124         ILSPQFMYGSRAYVKHPADIP--DYWKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
mTagBFP         ILATSFLYGSKTFINHTQGIP—-DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
 
               120       130       140       150       160       170 
                 |         |         |         |         |         | 
GFP             LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL 
Blue102         FIYKVKLRGTNFPSDGPVM-QKKTMGWEAISERMYP--EDGALKGEIKQRLKLKDGGHYD 
Blue124         FIYKVKLRGTNFPSDGPVM-QKKTMGWEAISERMYP--EDGALKGEIKQRLKLKDGGHYD 
mTagBFP         LIYNVKIRGVNFTSNGPVM-QKKTLGWEAFTETLYP--ADGGLEGRNDMALKLVGGSHLI 
 
             180       190        200       210       220       230 
               |         |          |         |         |         | 
GFP           ADHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
Blue102       AEVKTTYKAKK---PVQLPGAYNVNIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
Blue124       AEVKTTYKAKK---PVQLPGAYNVNIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
mTagBFP       ANIKTTYRSKKPAKNLKMPGVYYVDYRLERIKE-ANNETYVEQHEVAVARYCDLPSKLGHKLN 
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(B) Fluorescent timer-like phenotype 
 
                        10        20        30        40        50 
                         |         |         |         |         | 
GFP             MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
Fast       MVSKGEEDNMAIIKEFMRFKVHVEGSVNGHEFEIEGEGKGRPYEGTQTAKLKVT--KGGPLPFAWD 
Medium     MVSKGEEDNMAIIKEFMRFKVHLEGSVDGHEFEIEGEGEGRPYEGTQSAKLKVT--KGGPLPFAWD 
Slow       MVSKGEEDNMAIIKEFMRFKVHVEGSVNGHEFEIVGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
 
                60        70        80        90       100       110 
                 |    ***  |         |         |         |         | 
GFP             TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
Fast            ILSPQFMYGSRAYVKHPADIP--DYWKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
Medium          ILSPQFMYGSRAYVKHPADIP--DYWKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
Slow            ILSPQFMYGSRAYVKHPADIP--DYWKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
 
 
               120       130       140       150       160       170 
                 |         |         |         |         |         | 
GFP             LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL 
Fast            FIYKVKLRGTNFPSDGPVM-QKKTMGWEASTERMYP--EDGALKGEIKQRLKLKDGGHYD 
Medium          FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERIYP--EDGALKGEIKQRLKLKDGGHYD 
Slow            FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERMYP--EDGALKGEIKQRLKLKDGGHYD 
 
 
             180       190        200       210       220       230 
               |         |          |         |         |         | 
GFP           ADHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
Fast          AEVKTTYKAKK---PVQLPGAYNVNIKLDITSHNEDYT-IVEQYERSEGRHSTGGMDELYK 
Medium        AEVKTTYKAKK---PVLLPGAYNVNIKMDITSHNEDYT-IVEQCERAEGHHSTGGMDELYK 
Slow          VEVKTTYKAKK---PVQLPGAYNVNIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
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(C) Photoactivatable-like phenotype 
 
                        10        20        30        40        50 
                         |         |         |         |         | 
GFP             MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
PAmCherry1  MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHVFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFTWD 
PAmCherry2 MVSKGEEDNMAIIKEFMRFKVHLEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
PAmCherry3 MVSKGEEDNMAIIKEFMRFKVHLEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFTWD 
PATagRFP           MSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
PAmKate            MSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
 
                60        70        80        90       100       110 
                 |    ***  |         |         |         |         | 
GFP             TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
PAmCherry1      ILSPQFMYGSNAYVKHPADIP--DYFKLSFPEGFKWERVMKFEDGGVVTVTQDSSLQDGE 
PAmCherry2      ILSPQFMYGSNAYVKHPADIP--DYFKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
PAmCherry3      ILSPQFMYGSNAYVKHPADIP--DYFKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
PATagRFP        ILATSFMYGSSTFINHTQGIP--DFWKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
PAmKate         ILATSFMYGSKTFINHTQGIP--DFWKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
 
               120       130       140       150       160       170 
                 |         |         |         |         |         | 
GFP             LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL 
PAmCherry1      FIYKVKLRGTNFPSDGPVM-QKKTMGWEALSERMYP--EDGALKGEVKPRVKLKDGGHYD 
PAmCherry2      FIYKVKLRGTNFPSDGPVM-QKKTMGWETLSERMYP--EDGALKGELKARTKLKDGGHYD 
PAmCherry3      FIYKVKLRGTNFPSDGPVI-QKKTMGWDALSERMYP--EDGALKGELKARLKLKDGGHYE 
PATagRFP        LIYNVKIRGVNFPSNGPVM-KKKTLGWEPSTEKLKP--ADGGLEGRVDMALKLVGGGHLI 
PAmKate         LIYNVKIRGVNFPSNGPVM-QKKTLGWEANTEMLYP--ADGGLEGRGDMALKLVGGGHLI  
 
             180       190        200       210       220       230 
               |         |          |         |         |         | 
GFP           ADHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
PAmCherry1    AEVKTTYKAKK---PVQLPGAYNVNRKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
PAmCherry2    TEVKTTYKAKK---PVQLPGAYNVNRKLDITSHNEDYT-IVEQYERAEGLHSTGGMDELYK 
PAmCherry3    AEVKTTYKAKK---PVQLPGAYNVNRKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
PATagRFP      CNFKTTYRSKKPAKNLKMPGVYYVDRRLEIIKEADKET-YWEQHEVAVARYSDLPSKLGHKLN 
PAmKate       CNLKTTYRSKKPAKNLKMPGVYYVDRRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 

Nature Methods: doi:10.1038/nmeth.1776



(D) Photoswitchable-like phenotype 

 
                        10        20        30        40        50 
                         |         |         |         |         | 
GFP             MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
rsCherryRev MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
rsCherry   MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
rsTagRFP       MVSKGEELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
KFP1               MASLLTETMPFKTTIEGTVNGHCFKCIGKGEGNPFEGTQEMKIEVI--EGGPLPFAFH 
IrisFP            HHMSAIKPDMKINLRMEGNVNGHHFVIDGDGTGKPFEGKQSMDLEVK--EGGPLPFAFD 
 
                60        70        80        90       100       110 
                 |    ***  |         |         |         |         | 
GFP             TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
rsCherryRev     ILSPQFMYGSKAYVKHPADIP--DYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
rsCherry        ILSPQFMYGSKAYVKHPADIP--DYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
rsTagRFP        ILATSFMYGSRTFINHTQGIP--DFWKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
KFP1            ILSTSCMYGSKTFIKYVSGIP--DYFKQSFPEGFTWERTTTYEDGGFLTAHQDTSLDGDC 
IrisFP          ILTTAFHYGNRVFAEYPDHIQ--DYFKQSFPKGYSWERSLTFEDGGICIARNDITMEGDT 
 
               120       130       140       150       160       170 
                 |         |         |         |         |         | 
GFP             LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL 
rsCherryRev     FIYKVKLRGTNFPSDGPVM-QKKTMGWVACSERMYP--EDGALKGESKMRLKLKDGGHYD 
rsCherry        FIYKVKLRGTNFPSDGPVM-QKKTMGWVASSERMYP--EDGALKGESKQRLKLKDGGHYD 
rsTagRFP        LIYNVKLRGVNFPSNGPVM-QKKTLGWEAATEMLYP--ADGGLEGRGDMALKLVGGGHLI 
KFP1            LVYKVKILGNNFPADGPVM-QNKVGRWEPGTEIVYE--VDGVLRGQSLMALKCPGGRHLT 
IrisFP          FYNKVRFHGVNFPANGPVM-QKKTLKWEPSTEKMYV--RDGVLTGDITMALLLEGNAHYR 
 
             180       190        200       210       220       230 
               |         |          |         |         |         | 
GFP           ADHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
rsCherryRev   AEFKTTYKAKK---PVQLPGAYNVNIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
rsCherry      AEFWTTYKAKK---PVQLPGAYNVNIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
rsTagRFP      CNLKTTYRSKNPAKNLKMPGVYFVDHRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
KFP1          CHLHTTYRSKKPASALKMPGFHFEDHRIEIMEEVEKGK-CYKQYEAAVGRYCDAAPSKLGHN 
IrisFP        CDSRTTYKAKE--KGVKLPGYHLVDHCIEILSHDKDYN-KVKLYEHAVAHSGLPDNARR 
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(E) Far-red-shifted-like phenotype 
 
                        10        20        30        40        50 
                         |         |         |         |         | 
GFP             MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
mNeptune            MSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTGRIKVV--EGGPLPFAFD 
TagRFP657          MSELITENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTQRIKVV--EGGPLPFAFD 
E2-Crimson      MDSTENVIKPFMRFKVHMEGSVNGHEFEIEGVGEGKPYEGTQTAKLQVT--KGGPLPFAWD 
eqFP650         MGEDSELISENMHMKLYMEGTVNGHHFKCTSEGEGKPYEGTQTAKIKVV--EGGPLPFAFD 
eqFP670         MGEDSELISENMHTKLYMEGTVNGHHFKCTSEGEGKPYEGTQTCKIKVV--EGGPLPFAFD 
mPlum      MVSKGEENNMAIIKEFMRFKEHMEGSVNGHEFEIEGEGEGRPYEGTQTARLKVT--KGGPLPFAWD 
mRouge     MVSKGEEDNMAIIKEFMRFKTHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
RFP639             MNSLIKENMRMMVVMEGSVNGYQFKCTGEGDGNPYMGTQTMRIKVV--EGGPLPFAFD 
 
                60        70        80        90       100       110 
                 |    ***  |         |         |         |         | 
GFP             TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
mNeptune        ILATCFMYGSKTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
TagRFP657       ILATSFMYGSHTFINHTQGIP--DFWKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
E2-Crimson      ILSPQFFYGSKAYIKHPADIP--DYLKQSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGT 
eqFP650         ILATSFMYGSKTFINHTQGIP--DFFKQSFPEGFTWERITTYEDGGVLTATQDTSLQNGC 
eqFP670         ILATSFMYGSKTFINHTQGIP--DFFKQSFPEGFTWERITTYEDGGVLTATQDTSLQNGC 
mPlum           ILSPQIQYGSKAYVKHPADIP--DYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
mRouge          ILSPQFMYGSKAYVKHPADIP--DYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
RFP639          ILATSFMYGSKTFIKHTKGIP--DFFKQSFPEGFTWERVTRYEDGGVFTVMQDTSLEDGC 
 
               120       130       140       150       160       170 
                 |         |         |         |         |         | 
GFP             LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL 
mNeptune        LIYNVKIRGVNFPSNGPVM-QKKTLGWEASTETLYP--ADGGLEGRCDMALKLVGGGHLI 
TagRFP657       LIYNVKIRGVNFPSNGPVM-QKKTLGWEAHTEMLYP--ADGGLEGRTALALKLVGGGHLI 
E2-Crimson      LIYHVKFIGVNFPSDGPVM-QKKTLGWEPSTERNYP--RDGVLKGENHMALKLKGGGHYL 
eqFP650         LIYNVKINGVNFPSNGPVM-QKKTLGWEASTEMLYP--ADSGLRGHSQMALKLVGGGYLH 
eqFP670         LIYNVKINGVNFPSNGPVM-QKKTLGWEANTEMLYP--ADSGLRGHNQMALKLVGGGYLH 
mPlum           FIYKVKVRGTNFPSDGPVM-QKKTMGWEASTERMYP--EDGALKGEMKMRLRLKDGGHYD 
mRouge          FIYKVKLRGTNFPSDGPVM-QKKTMGWEACSERMYP--EDGALKGEMKMRLKLKDGGHYD 
RFP639          LVYHAKVTGVNFPSNGAVM-QKKTKGWEPSTEMLYP--ADGGLRGYCQMALNVDGGGYLF 
 
             180       190        200       210       220       230 
               |         |          |         |         |         | 
GFP           ADHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
mNeptune      CNLKTTYRSKKPAKNLKMPGVYFVDRRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
TagRFP657     CNFKTTYRSKKPAKNLKMPGVYYVDYRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
E2-Crimson    CEFKSIYMAKKP---VKLPGYHYVDYKLDITSHNEDYT-VVEQYERAEARHHLFQ 
eqFP650       CSLKTTYRSKKPAKNLKMPGFYFVDRKLERIKEADKET-YVEQHEMAVARYCDLPSKLGHS 
eqFP670       CSLKTTYRSKKPAKNLKMPGFYFVDRKLERIKEADKET-YVEQHEMAVARYCDLPSKLGHS 
mPlum         AEVKTTYMAKKP---VQLPGAYKTDIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
mRouge        AEVKTTYKAKKP---VQLPGAYNTNYKLDITSHNEDYT-IVEQYERNEGRHSTGGMDELYK 
RFP639        CSFETTYRSKKTDENFKMPGFHFVDHRLERLEESDKEM-FVVQHEHAVAKFCDLPSKLGRL 
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(F) Large Stokes shift-like phenotype 
 
                             10        20        30        40        50          
                              |         |         |         |         | 
GFP                  MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
LSSmKate1               MSELITENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
LSSmKate2               MSELITENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
mKate/158G/160E         MSELITENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
mKate/143D/158V/160S    MSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
mNeptune/158D           MSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTGRIKVV--EGGPLPFAFD 
mCherry/158E/160A SKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
mStrawberry/158D VSKGEENNMAIIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
mOrange/158D/160G SKGEENNMAIIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGFQTAKLKVT--KGGPLPFAWD 
mKO/158E                MVSVIKPEMKMRYYMDGSVNGHEFTIEGEGTGRPYEGHQEMTLRVTMAKGGPMPFAFD 
mKeima                  MVSVIAKQMTYKVYMSGTVNGHYFEVEGDGKGKPYEGEQTVKLTVT--KGGPLPFAWD 
                     60        70        80        90       100       110 
                      |    ***  |         |         |         |         | 
GFP                  TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
LSSmKate1            ILATSFMYGSYTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
LSSmKate2            ILATSFMYGSYTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
mKate/158G/160E      ILATSFMYGSKTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
mKate/143D/158V/160S ILATSFMYGSRTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
mNeptune/158D        ILATCFMYGSKTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
mCherry/158E/160A    ILSPQFMYGSKAYVKHPADIP--DYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
mStrawberry/158D     ILTPNFTYGSKAYVKHPADIP--DYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
mOrange/158D/160G    ILSPQFTYGSKAYVKHPADIP--DYFKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
mKO/158E             LVSHVFCYGHRPFTKYPEEIP--DYFKQAFPEGLSWERSLEFEDGGSASVSAHISLRGNT 
mKeima               ILSPQLQYGSIPFTKYPEDIP--DYFKQSFPEGYTWERSMNFEDGAVCTVSNDSSIQGNC 
                    120       130       140       150       160       170 
                      |         |         |         |         |         | 
GFP                  LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLA 
LSSmKate1            LIYNVKIRGVNFTSNGPVM-QKKTLGWEAGTEMLYP--ADGGLEGRSDEALKLVGGGHLIC 
LSSmKate2            LIYNVKIRGVNFTSNGPVM-QKKTLGWEAGTEMLYP--ADGGLEGRSDDALKLVGGGHLIC 
mKate/158G/160E      LIYNVKIRGVNFPSNGPVM-QKKTLGWEASTEMLYP--ADGGLEGRGDEALKLVGGGHLIC 
mKate/143D/158V/160S LIYNVKIRGVNFPSNGPVM-QKKTLGWEADTEMLYP--ADGGLEGRVDSALKLVGGGHLIC 
mNeptune/158D        LIYNVKIRGVNFPSNGPVM-QKKTLGWEASTETLYP--ADGGLEGRDDMALKLVGGGHLIC 
mCherry/158E/160A    FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERMYP--EDGALKGEEKARLKLKDGGHYDA 
mStrawberry/158D     FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERMYP--EDGALKGEDKMRLKLKDGGHYDA 
mOrange/158D/160G    FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERMYP--EDGALKGEDKGRLKLKDGGHYTS 
mKO/158E             FYHKSKFTGVNFPADGPIM-QNQSVDWEPSTEKITA--SDGVLKGDETMYLKLEGGGNHKC 
mKeima               FIYNVKISGENFPPNGPVM-QKKTQGWEPSTERLFA--RDGMLIGNDYMALKLEGGGHYLC 
                   180       190        200       210       220       230 
                     |         |          |         |         |         | 
GFP                  DHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
LSSmKate1            NLKSTYRSKKPAKNLKVPGVYYVDRRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
LSSmKate2            NLKSTYRSKKPAKNLKVPGVYYVDRRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
mKate/158G/160       NLKTTYRSKKPAKNLKMPGVYYVDRRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
mKate/143D/158V/160S NLKTTYRSKKPAKNLKMPGVYYVDHRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
mNeptune/158D        NLKTTYRSKKPAKNLKMPGVYFVDRRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
mCherry/158E/160A    EVKTTYKAKKPV---QLPGAYNVNIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
mStrawberry/158D     EVKTTYKAKKPV---QLPGAYIVGIKLDITSHNEDYT-IVELYERAEGRHSTGGMDELYKEF 
mOrange/158D/160G    EVKTTYKAKKPV---QLPGAYIVGIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
mKO/158E             QFKTTYKAAKKI--LKMPGSHYISHRLVRKTEGN----ITELVEDAVAHS 
mKeima               EFKSTYKAKKPV---RMPGRHEIDRKLDVTSHNRDYT-SVEQCEIAIARHSLLG 
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(G) High quantum yield 
 
                        10        20        30        40        50 
                         |         |         |         |         | 
GFP             MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
rsTagRFP       MVSKGEELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
KFP1               MASLLTETMPFKTTIEGTVNGHCFKCIGKGEGNPFEGTQEMKIEVI--EGGPLPFAFH 
asFP595_70A/148S   MASFLKKTMPFKTTIEGTVNGHYFKCTGKGEGNPFEGTQEMKIEVI--EGGPLPFAFH 
HcRed1            MVSGLLKESMRIKMYMEGTVNGHYFKCEGEGDGNPFAGTQSMRIHVT--EGAPLPFAFD 
mCherry    MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
mKate2            MVSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKAV--EGGPLPFAFD 
mOrange    MVSKGEENNMAIIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGFQTAKLKVT--KGGPLPFAWD 
TagRFP         MVSKGEELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
 
                 60        70        80        90       100       110 
                  |    ***  |         |         |         |         | 
GFP              TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
rsTagRFP         ILATSFMYGSRTFINHTQGIP--DFWKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
KFP1             ILSTSCMYGSKTFIKYVSGIP--DYFKQSFPEGFTWERTTTYEDGGFLTAHQDTSLDGDC 
asFP595_70A/148S ILSTSCMYGSKAFIKYVSGIP--DYFKQSFPEGFTWERTTTYEDGGFLTAHQDTSLDGDC 
HcRed1           ILAPCCEYGSRTFVHHTAEIP--DFFKQSFPEGFTWERTTTYEDGGILTAHQDTSLEGNC 
mCherry          ILSPQFMYGSKAYVKHPADIP--DYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
mKate2           ILATSFMYGSKTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
mOrange          ILSPQFTYGSKAYVKHPADIP--DYFKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
TagRFP           ILATSFMYGSRTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
 
                120       130       140       150       160       170 
                  |         |         |         |         |         | 
GFP              LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL 
rsTagRFP         LIYNVKLRGVNFPSNGPVM-QKKTLGWEAATEMLYP--ADGGLEGRGDMALKLVGGGHLI 
KFP1             LVYKVKILGNNFPADGPVM-QNKVGRWEPGTEIVYE--VDGVLRGQSLMALKCPGGRHLT 
asFP595_70A/148S LVYKVKILGNNFPADGPVM-QNKAGRWEPSTEIVYE--VDGVLRGQSLMALKCPGGRHLT 
HcRed1           LIYKVKVLGTNFPADGPVM-KNKSGGWEPSTEVVYP—-ENGVLCGRNVMALKV-GDRHLI 
mCherry          FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERMYP--EDGALKGEIKQRLKLKDGGHYD 
mKate2           LIYNVKIRGVNFPSNGPVM-QKKTLGWEASTETLYP--ADGGLEGRADMALKLVGGGHLI 
mOrange          FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERMYP--EDGALKGEIKMRLKLKDGGHYT 
TagRFP           LIYNVKIRGVNFPSNGPVM-QKKTLGWEANTEMLYP--ADGGLEGRSDMALKLVGGGHLI 
 
                180       190        200       210       220       230 
                  |         |          |         |         |         | 
GFP              ADHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
rsTagRFP         CNLKTTYRSKNPAKNLKMPGVYFVDHRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
KFP1             CHLHTTYRSKKPASALKMPGFHFEDHRIEIMEEVEKGK-CYKQYEAAVGRYCDAAPSKLGHN 
asFP595_70A/148S CHLHTTYRSKKPASALKMPGFHFEDHRIEIMEEVEKGK-CYKQYEAAVGRYCDAAPSKLGHN 
HcRed1           CHHYTSYRSKKAVRALTMPGFHFTDIRLQMLRKEKDE--YFELYEASVARYSDLPEKAN 
mCherry          AEVKTTYKAKK---PVQLPGAYNVNIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
mKate2           CNLKTTYRSKKPAKNLKMPGVYYVDRRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
mOrange          SEVKTTYKAKK---PVQLPGAYIVGIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
TagRFP           CNFKTTYRSKKPAKNLKMPGVYYVDHRLERIKE-ADKETYVEQHEVAVARYCDLPSKLGHKLN 
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(H) High photostability 
 
                        10        20        30        40        50 
                         |         |         |         |         | 
GFP             MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
TagRFP-T       MVSKGEELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
mOrange2   MVSKGEENNMAIIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGFQTAKLKVT--KGGPLPFAWD 
mKate2            MVSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKAV--EGGPLPFAFD 
 
                60        70        80        90       100       110 
                 |    ***  |         |         |         |         | 
GFP             TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
TagRFP-T        ILATSFMYGSRTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
mOrange2        ILSPHFTYGSKAYVKHPADIP--DYFKLSFPEGFKWERVMNYEDGGVVTVTQDSSLQDGE 
mKate2          ILATSFMYGSKTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
 
 
               120       130       140       150       160       170 
                 |         |         |         |         |         | 
GFP             LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL 
TagRFP-T        LIYNVKIRGVNFPSNGPVM-QKKTLGWEANTEMLYP--ADGGLEGRTDMALKLVGGGHLI 
mOrange2        FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERMYPE--DGALKGKIKMRLKLKDGGHYT 
mKate2          LIYNVKIRGVNFPSNGPVM-QKKTLGWEASTETLYPA--DGGLEGRADMALKLVGGGHLI  
 
 
             180       190        200       210       220       230 
               |         |          |         |         |         | 
GFP           ADHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
TagRFP-T      CNFKTTYRSKKPAKNLKMPGVYYVDHRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
mOrange2      SEVKTTYKAKK---PVQLPGAYIVDIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
mKate2        CNLKTTYRSKKPAKNLKMPGVYYVDRRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
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(I) High pH-stability 
 
                        10        20        30        40        50 
                         |         |         |         |         | 
GFP             MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
mTagBFP           MSEELIKENMHMKLYMEGTVDNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
DsRed2          MASSENVITEFMRFKVRMEGTVNGHEFEIEGEGEGRPYEGHNTVKLKVT--KGGPLPFAWD 
 
                60        70        80        90       100       110 
                 |    ***  |         |         |         |         | 
GFP             TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
mTagBFP         ILATSFLYGSKTFINHTQGIP—-DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
DsRed2          ILSPQFQYGSKVYVKHPADIP--DYKKLSFPEGFKWERVMNFEDGGVATVTQDSSLQDGC 
 
               120       130       140       150       160       170 
                 |         |         |         |         |         | 
GFP             LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL 
mTagBFP         LIYNVKIRGVNFTSNGPVM-QKKTLGWEAFTETLYP--ADGGLEGRNDMALKLVGGSHLI 
DsRed2          FIYKVKFIGVNFPSDGPVM-QKKTMGWEASTERLYP--RDGVLKGETHKALKLKDGGHYL 
 
             180       190        200       210       220       230 
               |         |          |         |         |         | 
GFP           ADHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
mTagBFP       ANIKTTYRSKKPAKNLKMPGVYYVDYRLERIKEANNET-YVEQHEVAVARYCDLPSKLGHKLN 
DsRed2        VEFKSIYMAKKP---VQLPGYYYVDAKLDITSHNEDYT-IVEQYERTEGRHHLFL 
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(J) Fast maturation 
 
                        10        20        30        40        50 
                         |         |         |         |         | 
GFP             MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
mKate2            MVSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKAV--EGGPLPFAFD 
mCherry    MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
SlowFT     MVSKGEEDNMAIIKEFMRFKVHVEGSVNGHEFEIVGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
mRuby              MNSLIKENMRMKVVLEGSVNGHQFKCTGEGEGNPYMGTQTMRIKVI--EGGPLPFAFD 
 
                60        70        80        90       100       110 
                 |    ***  |         |         |         |         | 
GFP             TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
mKate2          ILATSFMYGSKTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
mCherry         ILSPQFMYGSKAYVKHPADIP--DYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
SlowFT          ILSPQFMYGSRAYVKHPADIP--DYWKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
mRuby           ILATSFMYGSRTFIKYPKGIP--DFFKQSFPEGFTWERVTRYEDGGVITVMQDTSLEDGC 
 
               120       130       140       150       160       170 
                 |         |         |         |         |         | 
GFP             LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL 
mKate2          LIYNVKIRGVNFPSNGPVM-QKKTLGWEASTETLYPA--DGGLEGRADMALKLVGGGHLI 
mCherry         FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERMYP--EDGALKGEIKQRLKLKDGGHYD 
Slow            FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERMYP--EDGALKGEIKQRLKLKDGGHYD 
mRuby           LVYHAQVRGVNFPSNGAVM-QKKTKGWEPNTEMMYP--ADGGLRGYTHMALKVDGGGHLS 
 
 
             180       190        200       210       220       230 
               |         |          |         |         |         | 
GFP           ADHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
mKate2        CNLKTTYRSKKPAKNLKMPGVYYVDRRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
mCherry       AEVKTTYKAKK---PVQLPGAYNVNIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
SlowFT        VEVKTTYKAKK---PVQLPGAYNVNIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
mRuby         CSFVTTYRSKKTVGNIKMPGIHAVDHRLERLEESDNEM-FVVQREHAVAKFAGLGGGSGLRSR 
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(K) Monomeric state 
 
 
                        10        20        30        40        50 
                         |         |         |         |         | 
GFP             MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTG---KLPVPWP 
PATagRFP           MSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVV--EGGPLPFAFD 
mNeptune            MSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTGRIKVV--EGGPLPFAFD 
mCherry    MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVT--KGGPLPFAWD 
mRuby              MNSLIKENMRMKVVLEGSVNGHQFKCTGEGEGNPYMGTQTMRIKVI--EGGPLPFAFD 
 
                60        70        80        90       100       110 
                 |    ***  |         |         |         |         | 
GFP             TLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT 
PATagRFP        ILATSFMYGSSTFINHTQGIP--DFWKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
mNeptune        ILATCFMYGSKTFINHTQGIP--DFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGC 
mCherry         ILSPQFMYGSKAYVKHPADIP--DYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGE 
mRuby           ILATSFMYGSRTFIKYPKGIP--DFFKQSFPEGFTWERVTRYEDGGVITVMQDTSLEDGC 
 
               120       130       140       150       160       170 
                 |         |         |         |         |         | 
GFP             LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL 
PATagRFP        LIYNVKIRGVNFPSNGPVM-KKKTLGWEPSTEKLKP--ADGGLEGRVDMALKLVGGGHLI 
mNeptune        LIYNVKIRGVNFPSNGPVM-QKKTLGWEASTETLYP--ADGGLEGRCDMALKLVGGGHLI 
mCherry         FIYKVKLRGTNFPSDGPVM-QKKTMGWEASSERMYP--EDGALKGEIKQRLKLKDGGHYD 
mRuby           LVYHAQVRGVNFPSNGAVM-QKKTKGWEPNTEMMYP--ADGGLRGYTHMALKVDGGGHLS 
 
             180       190        200       210       220       230 
               |         |          |         |         |         | 
GFP           ADHYQQNTPIGD-GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 
PATagRFP      CNFKTTYRSKKPAKNLKMPGVYYVDRRLEIIKEADKET-YWEQHEVAVARYSDLPSKLGHKLN 
mNeptune      CNLKTTYRSKKPAKNLKMPGVYFVDRRLERIKEADKET-YVEQHEVAVARYCDLPSKLGHKLN 
mCherry       AEVKTTYKAKK---PVQLPGAYNVNIKLDITSHNEDYT-IVEQYERAEGRHSTGGMDELYK 
mRuby         CSFVTTYRSKKTVGNIKMPGIHAVDHRLERLEESDNEM-FVVQREHAVAKFAGLGGGSGLRSR 
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Supplementary Table 1. Overview of suboptimal properties of current monomeric red fluorescent 
proteins. 
 

Phenotype of 
RFP 

Fluorescent 
protein 

Form and its 
Excitation/Emission 

maxima, nm 
Suboptimal properties Ref. 

mKO 548/559 
maturation, 

photoconversion to red 
spices 

1 

mKO2 551/565 photostability 2 

mOrange 548/562 

photostability, pH-
stability, maturation, 

photoconversion to far-red 
species 

3 

mOrange2 549/565 
pH-stability, maturation, 

photoconversion to far-red 
species 

4 

TagRFP 555/584 
maturation, photostability, 

monomeric state 
5 

TagRFP-T 555/584 
maturation, monomeric 

state 
4 

mRuby 558/605 maturation, photostability 6 

mStrawberry 574/596 
quantum yield, 
photostability 

3 

mRaspberry 574/596 
maturation, quantum yield, 

photostability 
7 

mCherry 587/610 quantum yield 3 
mKate2 588/633 pH-stability 8 

mPlum 590/649 
maturation, brightness, 

photostability 
7 

eqFP650 592/650 
quantum yield, 
photostability 

9 

mNeptune 600/650 
quantum yield, maturation, 

monomeric state, 
photostability 

10 

Fluorescent 

eqFP670 605/670 quantum yield 9 

mKeima 440/620 

brightness, pH-stability, 
monomeric state, 

maturation, residual red 
fluorescence with yellow 

excitation light 

11 

LSS-mKate1 463/624 brightness, maturation 

Large Stokes shift 

LSS-mKate2 460/605 brightness, maturation 
12 

Blue, 403/466 photostability FastFT 
Red, 583/606 quantum yield 
Blue, 401/464 photostability 

MediumFT 
Red, 579/600 quantum yield 

Fluorescent 
Timers 

SlowFT Blue, 402/583 photostability 

13 
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Red, 465/604 quantum yield 

Dark, 404/466 N/A 
PAmCherry1 

Red, 564/594 
extinction coefficient, pH-

stability 

14 

Dark, 351/none N/A 
Photoactivatable 

PATagRFP 
Red, 562/595 maturation 

15 

Green, 506/519 photostability, maturation, 
oligomeric state mEos2 

Red, 573/584 pH stability 

16 

Green, 505/515 photostability, pH-stability 
Photoconvertable 

mKikGR 
Red, 580/591 photostability 

17 

Dark, 580/600 N/A KFP1 
Red, 580/600 maturation, quantum yield 

18 

Dark, 440/none extinction coefficient 
rsTagRFP 

Red, 567/585 
brightness, pH stability, 

maturation, contrast 

19 

Dark, 572/610 contrast 

rsCherry 
Red, 572/610 

brightness, maturation, 
complex photobehavior 

during switching,  
Dark, 572/608 contrast 

Reversibly 
photoswitchable 

rsCherryRev 
Red, 572/608 

brightness, maturation, 
photoactivation during 

switching,  

14,20 

 
N/A – not applicable.  
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Supplementary Table 2. Current red fluorescent proteins exhibiting the best specific property or maximally optimized for the specific 

imaging application. 

 

 
 

Photoactivatable 
RFPs 

RFP property Conventional RFPs RFP application Conventional RFPs
Photoactivatable 

RFPs 

Excitation beyond 610 
nm TagRFP657 21 not available STED TagRFP657 not applicable 

mNeptune and E2-
Crimson 

eqFP670 9 not available Emission beyond 670 nm Deep tissue imaging not available 

One photon brightness mKOκ 22 and mEos2 16 RESOLFT not applicable rsTagRFP 
 tdTomato 3 

PATagRFP and 
tdEosFP 

DsRed2 and  Two-photon brightness PALM unknown not applicable 
dTomato 23 

Photon counts per 
molecule Unknown tdEosFP 24 green PA-GFP 

pH stability LSS-mKate2 12 and 
TagRFP 5 

PATagRFP 15 and 
 KikGR 25 

Multicolor PALM not applicable 
 red PATagRFP 

Maturation rate mCherry 3 and  
mKate2 8 

rsTagRFP 19 blue TagBFP 

Intracellular half-life 
and thermodynamic 

stability 
mRFP1 26 Dendra2 27 green T-Sapphire 

Cytotoxicity DsRed-Express2 28 and 
E2-Crimson 29 

unknown 

Multicolor imaging 
with a single 

excitation 
wavelength  

red LSS-mKate2 

not available 

Monomeric state and 
performance in fusions mCherry 3 

PATagRFP 15,  
Dendra2 30 and mEos2 16

FRET-based 
biosensors Venus-mCherry 31 EYFP-rsTagRFP 19 
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Supplementary Table 3. Properties of the major chromophore structures observed in fluorescent 

proteins.  

 

Chemical 
structure of 

chromophore 
Chromophore name 

Number of 
double bonds 
in conjugation

Typical 
absorbance/ 

emission max, 
nm 

Examples of proteins sharing 
this chromophore 

1 
non-cyclized tripeptide 

X65-Tyr66-Gly67 
none none majority of FPs 

3 aromatic α-enolate 2 
350-360/ 

undetectable 
PATagRFP (dark state) 

4 TagBFP-like 4 
400-420/ 
456-466 

TagBFP, FTs (blue state), 
PAmCherry (dark state), 

mCherry-Blue102 

5a, 6a, 8 
DsRed-like  

asFP595-like (anionic)
7, 8 

555-610/ 
583-650 

DsRed, mCherry, 
PAmCherry (trans), TagRFP 
(trans), mKate, PATagRFP, 

asFP595 

5b, 6b DsRed-like (neutral) 8 
440-463/535,

605-624 
mKeima, LSS-mKate1, 
LSS-mKate2, GmKate 

9, 10 
mOrange-like, zFP538-
like, mKO-like (anionic)

7 
540-548/ 
561-565 

mOrange, mKO, E2-Orange, 
zFP538 

7 

DsRed-like  
a) H-bonding 

b) hydrophobic packing
c) - stacking 

8 
>610/ 
>650  

TagRFP657, E2-Crimson, 
mNeptune, mRouge 

11 PSmOrange-like 8 
>610/ 
>650 

PSmOrange 

12 GFP-like (anionic) 6 
484-493/ 
502-510 

EGFP, TagGFP2, Emerald

13 GFP-like (neutral) 6 
399/ 
511 

wtGFP, Sapphire, Ametrine

14 Kaede-like 9 
550-580/ 
580-595 

Kaede, mEos2, mKikGR, 
Dendra, mIrisFP 

 

See Figure 2 for chemical structures of the chromophores. Additional characteristics of the listed 

proteins are summarized in the review papers32-34. 
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Supplementary Table 4. Amino acid residues in the supporting positions of red fluorescent proteins. 

Phenotype/property 
(structure/transition) 

Supporting positions Ref. 

65 69 165 179 181      TagBFP-like (4) 
H,L K,R A,I,N A A,I      

13,35 

18 

The supporting residues correspond to those on Figure S1 highlighted with yellow color. Residues’ numbering follows that for GFP.

106 152 179 203 205 224   Fluorescent timer-like 
(45a,6a) V,L,M A M,I V,A S,I M,L S,A   

13,36 

18 58 84 148 165 167 169 179 207 218 Photoactivatable-like 
(45a,6a) L,M T,A F,W L,S,N,H,T,F V,L,S,A,G,Q P,A,M,G V,T,L T,A,C I,R W,V 

14,15,37,38 

146 150 181 183       Photoswitchable-like 
(5a6a) V,E E F,L,S T       

19,20,39,40 

63 64 165        H-bonding to N-
acylimine 

oxygen (7a) 
C,F I,F C        

181 201 224      Hydrophobic 
packing (7c) F,L,V T,V C,N,A      

181 201 224       

F
ar

-r
ed

-s
h

if
te

d
-

li
k

e 

π-stacking (7b) 
F,L,V A,T C,N,A       

9,10,21,41-45 

69 148 165 167 183   Large Stokes shift-like 
(5b,6b) R,K,Y G,S,N G,A,V,N S,M,A,G,L,N T,S   

11,12,46-48 

145 146 147 203       
High quantum yield 

W E P,A H,I,R       
3,5,8,41,49-52

145 146 147 163       
High photostability 

W E P,A K       
4,8,52 

145 146 147        
High pH-stability 

W E P,A        
52-54 

18 21 44 48 106 152 165 167 181 203 205 238 
Fast maturation 

V,L,M T,S M,A A,V 
I,V,
L 

M,I,L A,I,T M,Q L,V,F S,I,R,H M,L R 
8,13,45,55-57 

128 151 153 157 178 180 184 198 200 229 
Monomeric state 

V,T 
K,T,R,

M 
K,Y A,E I,D,S N,E,S T V,A,I Y,F,N,A S,C,A 

6,10,15,56-58 
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Supplementary Note 
 
Major steps of molecular evolution 
 A typical process of the development of fluorescent proteins with required spectral and 
biochemical properties includes a rational design and several steps of directed molecular 
evolution (Fig. 1). The starting points are design of new spectral phenotype of fluorescent 
protein based on the known mechanisms of chromophore transformations and choosing of an 
appropriate template gene.  
 Next step involves the rational design based on the knowledge of relationship between 
immediate chromophore environment and postranslational chemistry of fluorescent proteins and 
photochemical properties of the chromophore. At this step, the selected templates are subjected 
to multiple site-specific amino acid substitutions at the key and supporting positions, in order to 
generate a library of site-specific mutants. After screening this library typically in a low-
throughput format, several primary clones, possessing the required spectral phenotype, are 
selected.  
 Several rounds of directed molecular evolution are then applied to improve the properties 
of imperfect primary variants. Major challenges to get a successful directed evolution include 
selecting an optimal biological system for expression, obtaining a sufficient number of clones in 
a library, and achieving reliable screening conditions. Each round of the directed molecular 
evolution begins with a generation of a large mutant library, using various stratagies of 
mutagenesis and recombination59-62. A high-throughput screening (HTS) of the library and 
subsequent evaluation of the selected clones in a low-throughput format then follows. The clones 
exhibiting prominent characteristics of the required phenotype are then applied to the next round 
of molecular evolution. After several rounds, the screened properties usually reach a plateau, 
suggesting that either a natural limit is achieved or some bias, caused by the mutagenesis stratagy 
used, is the culprit. To avoid the latter case, a saturated multi-site mutagenesis is typically 
applied to the selected mutants at amino acid positions found during the rounds of molecular 
evolution. Finally, testing of advanced variants with optimized characteristics by creating fusion 
proteins and their imaging in live cells comes before wide usage in the life sciences. 
 
Historical aspects of the molecular evolution strategy in the development of fluorescent 
proteins 
 In the past, fluorescent proteins of new colors such as mFruits have been mainly 
developed using random mutagenesis on the basis of wild-type protein templates of required 
weak phenotype3. Over time the more structure-to-function information has become available for 
fluorescent proteins and it resulted into appearance of rational component in the creation of 
fluorescent proteins. The PAmCherrys14, PATagRFP15, rsCherrys20, rsTagRFP19, KikGR25, 
mRouge41 and series of TagBFP-35 and LSS-like46 fluorescent proteins have different colors and 
photochemical behavior and all of them were developed using rational mutagenesis at amino 
acids around chromophore to find weak phenotype followed by random mutagenesis for the 
further improvement of mainly brightness, maturation and photostability. 
 
Correlation between residues at key positions and fluorescent protein phenotype 
 The residues at key positions 84, 148 and 203 for TagBFP-like phenotype mainly 
sterically hinder Tyr-ring of the chromophore occupies position necessary for the oxidation of 

Nature Methods: doi:10.1038/nmeth.1776



Cα2-Cβ2 double bond between Tyr-ring and imidazolinone and improve brightness of blue 
chromophore 4.  
 The residues at key positions 69 and 84 for FT-like phenotype slow down 4-to-5a,6a 
transition and increase brightness of blue chromophore 4. The residues at crucial positions 69 
and 203 for photoactivatable-like phenotype block 4-to-5a,6a transition. The residues at main 
positions 148, 165, 167 and 203 for photoswitchable-like phenotype provide space around Tyr-
ring of the chromophore and ensure flexibility of the chromophore for cis-trans isomerization of 
the chromophore to occur. 
 The far-red shift in RFPs can be attributed by the formation of hydrogen bond between 
residues at positions 14, 16 and 44 and N-acylimine oxygen, by hydrophobic parking around 
chromophore provided by hydrophobic residues at positions 84, 148, 165 and 167 and by 
stacking interactions between aromatic residue at positions 65, 69, 148 and 203 and Tyr-ring of 
the chromophore.  
 Large Stokes shift-like phenotype relies on the Glu and Asp acidic amino acids at 
positions 148, 165 and 167 which stabilize neutral chromophore 5b,6b and support proton 
transfer in excited state.  
 High photostability of RFPs mainly depends on amino acids at positions 64, 99 and 165 
which provide tight packing around chromophore and block photochemical reactions.  
 Fast maturation of RFPs is primarily affected by residues at positions 42, 69, 179, and 
224 which facilitate 2-to-5a,6a transition.  
 The A-B and A-C dimerizing interfaces in RFPs are mainly disrupted by charged amino 
acid residues at positions 126, 162, 166 and 168.  
 High quantum yield in RFPs depends on the residues at positions 70, 148 and 167 which 
provide planar configuration and rigidity of the chromophore.  
 High pH-stability of blue and red chromophores 4 and 5a,6a, respectively, is provided by 
the residues at positions 96 and 167 which stabilize negative charge on CO-group of 
imidazolinone and Tyr-ring, respectively.  
 Maturation rate, pH-stability, quantum yield and photostability may be affected by the 
width of the water-filled pore which regulated by the residues at positions 145-147.  

There are many examples in the world of fluorescent proteins where a particular feature 
(e.g., a red color in DsRed) is a synergistic effect of a large number of residue substitutions, 
including many residues that are remote from the active site. How these positions control 
fluorescence via coupling to each other is poorly understood. This is why the directed evolution 
approach will be useful for final turning of the residues remote from chromophore with found 
spectral phenotype.  
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