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A guide to choosing fluorescent proteins

Nathan C Shanerl? Paul A Steinbach13& Roger Y Tsien134

The recent explosion in the diversity of available fluorescent proteins (FPs) 1816
promises awide variety of new tools for biological imaging. With no unified standard
for assessing these tools, however, aresearcher is faced with difficult questions.
Which FPs are best for general use? Which are the brightest? What additional factors
determine which are best for a given experiment? Although in many cases, a trial-and-
error approach may still be necessary in determining the answers to these questions, a
unified characterization of the best available APs provides a useful guide in narrowing

down the options.

Wecan begin by stating several genera requirem entsfor
thesuccessful useof an FPin an im aging experim ent.
First,theFPshould expressefficiently and without toxic-
ityin thechosen system,and it should bebright enough
to providesufficient signd aboveautofluorescenceto be
reliably detected and im aged. Second, theFPshould have
aufficient photostability to beim aged for theduration of
theexperiment. Third, if the FPisto be expressed asa
fusion to another protein of interest, then theFPshould
notoligomerize. Fourth,the FPshould beinsensitive
to environm ental effectsthat could confound quanti-
tativeinterpretation of experim ental results. Findly, in
multiple-labelingexperim ents, theset of FPsused should
haveminima crosstalk in their excitation and emission
channels.Formorecom plexim aging experim ents, such
asthoseusingfluorescenceresonanceenergy transfer
(FRET)Y or sdlectiveoptical labelingusing photocon-
vertible FPs'215 additional considerationscom einto
play. General recommendationsto help determine
theoptimal set of FPsin each spectral classfor agiven
experim ent areavailablein Box 1,dongwith moredetall
on each issuediscussed below.

®rightnessOand expression

FPvendorstypicaly m akeoptimisticbut vagueclaim s
asto thebrightnessof theproteinsthey promote. Purely
qualitative brightnesscom parisonsthat do not pro-
vide clear information on theextinction coefficient
and quantum yield should beviewed with skepticism .

For exam ple, thenewly released D sRed-Monom er
(Clontech) isdescribed asright Geven though in fact,
itisthedimmest monomericred fluorescent protein
(RFP) presently available.

Theperceived brightnessof an FPisdetermined by
several highly variablefactors, including theintrinsic
brightnessof theprotein (determined by itsm aturation
speed and efficiency, extinction coefficient, quantum
yield and, in longer experim ents, photostability), the
optical propertiesof theim aging setup (illumination
wavelength and intensity, spectraof filtersand dichroic
mirrors),and cameraor human eye sensitivity to the
emission spectrum . Although these factors m ake it
impossibleto nameany one FP asthe brightest over-
al,itispossibleto identify thebrightest protein in each
spectral class(when morethan oneprotein isavailable),
asthisdependsonly on theintrinsicoptical proper-
tiesof the FR. Thebrightest proteinsfor each classare
listed in Table 1, with greater detail on thepropertiesof
each listed protein availablein Supplementary Table1
online. Asdiscussed below in relation to photostability,
thechoiceof optim a filter setsiscritical to obtainingthe
best performancefrom an FP.

Generally, FPsthat have been optimized for mam -
m alian cellswill expresswell at 37 {C, but sasmepro-
teinsmay fold moreor less efficiently. We havenot
doneextensivetestsin mamm alian cellsto determine
relative efficiency of foldingand m aturation at 37 {C
versuslower tem peratures, but expression of proteinsin
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bacteriaat 37 jCversus25iCgivessom eindication of therelative
efficiencies. These experim entssuggest that thereare severa pro-
teinsthat do not maturewell a 37 ;C. Indicationsof potential fold-
inginefficiency at 37 jCshould not betaken with absolutecertainty,
however, asadditional chaperonesand other differencesbetween
mamm alian cellsand bacteria(and even variationsbetween m am -
mdian cell lines) could havesubstantial influenceson folding and
m auration efficiency.

Generally,modern Aequorea-derived fluorescent proteins(AFPs,
see Supplementary Table2 onlinefor mutationsof common
AFPvariantsrelativeto wild-type GFP) fold reasonably well at
37iC! in fact, several recent variantshave been specifically opti-
mized for 37 jCexpression. TheU V-excitablevariant T-Sapphire®
and theyellow AFP (YFP) variant Venus! are exam plesof these.
Thebest green GFPvariant, Em erald18, also foldsvery efficiently
at 37 iCcompared with itspredecessor, enhanced GFP (EGFP).
Theonly recently developed AFP that performed poorlyin our
testswasthecyan variant, CyPet2 which folded well at room tem-
peraturebut poorly at 37 jC.All orange, red and far-red FPs(with
the exception of JRed and D sRed-Monomer) listed in Table 1
perform well at 37 ;C.

An additional factor affectingthem aturation of FPs expressed
in livingorganism sisthepresenceor absenceof molecular oxygen.
Therequirement for O, to dehydrogenateamino acidsduringchro-
mophoreformation hastwo im portant consequences. First, each
moleculeof AFPshould generateonemoleculeof H,0, aspart
of itsmaturation process!8, and the longer-wavelength FPsfrom
coralsprobably generatetwo 1. Second, fluorescenceform ation is
prevented by rigorously anoxic conditions(< 0.75uM O,), but is
readily detected at 3uM O, (ref. 20). Even when anoxiainitialy
preventsfluorophorem aturation, fluorescencem easurem entsare
usually doneafter thesam pleshavebeen exposed to air?.
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Photostability

All FPseventually photobleach upon extended excitation, though
at amuch lower ratethan many smal-moleculedyes(Tablel). In
addition,thereissubstantia variation in therateof photobleaching
between different FPs!  even between FPswith otherwisevery simi-
lar optical properties. For experim entsrequiringalimited num ber
of images(around 10 or fewer), photostability isgeneraly not a
major factor, but choosingthemost photostableprotein iscritica
to successin experim entsrequiringlargenumbersof im agesof the
samecell or field.

Aunified characterization of FPphotostability hasuntil now been
lackingin thescientificliterature. Although m any descriptionsof
new FPvariantsincludesom echaracterization of their photostability,
them ethodsused for thischaracterization arehighly variableand the
resultingdataareim possibleto com paredirectly. Becausem any FPs
havecom plex photobleachingcurvesand requiredifferent excitation
intengtiesand exposuretim es,astandardized treatm ent of photosta
bility must takeall thesefactorsinto account.

To provideabasisfor com paringthepractica photostability of
FPs,wehavem easured photobleachingcurvesfor al of the FPslisted
in Tablelunder conditionsdesigned to effectively simulatewide-
field microscopy of live cells®. Briefly, aqueousdropletsof purified
FPs(at pH 7) wereformed under mineral oil in acham ber that
alowsimagingon afluorescencemicroscope. D ropletsof volumes
com parableto thoseof typica mam maian cellswerephotobleached
with continuousillumination whilerecordingim agesperiodicaly
to generateableaching curve. To account for differencesin bright-
nessbetween proteinsand efficiency of excitation in our microscope
setup,wenorm alized each bleaching curveto account for theextinc-
tion coefficient and quantum yield of theFR theemission spectrum
of thearclamp used for excitation, and thetransmission spectra
of thefiltersand other optical path com ponentsof themicroscope

BOX 1 RECOMMENDATIONS BY SPECTRAL CLASS

Far-red. mPlum isthe only reasonably bright and photostable far-red monomer available. Although it isnot asbright as many
shorter-wavelength options it should be used when spectral separation from other FPsiscritical, and it may give some advantage

when imaging thicker tissues AQ143, a mutated anemone chromoprotein, has comparable brightness (" = 90 (mM ¥ cm)®L, quantum
yield (QY) =0.04) and even longer wavelengths (excitation, 595 nm; emission, 655 nm), but it isstill tetrameric3L,

Red. mCherry isthe best general-purpose red monomer owing to its superior photostability. Its predecessor mRFP1 isnow obsolete.
The tandem dimer tdTomato isequally photostable but twice the molecular weight of mCherry, and may be used when fusion tag
size doesnot interfere with protein function. mStrawberry isthe brightest red monomer, but it islessphotostable than mCherry,
and should be avoided when photostability iscritical. We donot recommend using J-Red and DsRed-Mon omer.

Orange. mOrange isthe brightest orange monomer, but should not be used when photostability iscritical or when it istargeted to
regions of low or unstable pH. mKO isextremely photostable and should be used for long-term or intensive imaging experiments or

when targeting to an acidic or pH-unstable environment.

Yellow-green. The widely used variant EYFP is obsolete and inferior to mCitrine, Venusand YPet. Each of these should perform well
in most applications YPet should be used in conjunction with the CFP variant CyPet for FRET applications

Green. Although it hasa more pronounced fast bleaching component than the common variant EGFP, the newer variant Emerald
exhibits far more efficient folding at 37 jC and will generally perform much better than EGFP

Cyan. Cerulean isthe brightest CFP variant and folds most efficiently at 37 jC, and thus it isprobably the best general-purpose CFP.
Itsphotostability under arc-lamp illumination, however, ismuch lower than that of other CFP variants. CyPet appears superior to
mCFPin that it hasa somewhat more blue-shifted and narrower emission peak, and displaysefficient FRET with YFP variant YPet,

but it expressesrelatively poorly at 37 jC.

UV-excitable green. T-Sapphire ispotentially useful asa FRET donor to orange or red monomers.
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(see*and Supplementary D iscussion onlinefor additional descrip-
tion of bleaching calculations). Thism ethod of norm alization pro-
videsapractical measurement of how long each FPwill taketo lose
50% of an initid emission rateof 1,000 photong's. Becausedim m er
proteinswill requireeither higher excitation power or longer expo-
sures, we believethism ethod of norm alization providesarealistic
pictureof how different FPswill perform in an actual experim ent
imagingpopulaionsof FPmolecules. Bleaching experim entswere
performed in paralel for several (but not all) of the FPslisted in
Tablelexpressed in livecellsand gavetim ecoursesclosely m atching
thoseof purified proteinsin microdroplets.

Based on our photobleaching assay results, it isclear that photo-
stability can behighly variable between different FPs, even thoseof
thesam e spectrd class. Takinginto account brightnessand folding
efficienciesat 37 {C, thebest proteinsfor long-term im aging arethe
monomersm Cherry and m KO. Thered tandem dimer tdTom ato is
aw highly photostableand m ay beusad when thesizeof thefusion tag
isnotof great concern. Therelaivephotostability of proteinsin each
spectra classisindicated in Tablel. Som eAFPs, such asCerulean, had
illumination intensityBlependent fast bleachingcom ponents,and
photobleaching curvesweretaken at lower illumination intensities
wherethiseffect waslesspronounced. The GFPvariant Em erad dis
played avery fagt initid bleachingcom ponent that led to an extrem ely
short tim eto 50% bleach. But after thisinitid fast bleachingphasg, its
photostability decayed a aratevery similar to that of EGFR Al YFPs,
with theexception of Venus,havereasonably good photo gtability,and
thus, YFP selection should beguided by brightness, environm ental
sendtivity or FRET perform ance(seeBox 1for greater detall and for

Table 1 | Properties of the best FP variants®P

genera recomm endationsfor al spectral classes,and Supplementary
Fig.Lonlinefor sam plebleachingcurves).

Ourmethod of measuringphotobleachinghassom elimitations
in itsapplicability to different im agingm odalities, such aslaser scan-
ning confoca microscopy. Although webelievethat our m easure-
mentsarevalid for excitation light intensitiestypical of standard
epifluorescencemicroscopeswith arclamp illumination (up to
10W/cm 9, higher intensity (for exam ple, laser) illumination (typi-
cally>>100W/cm?) evokesnonlinear effectsthat wecannot predict
with our assay. For exam ple,wehavepreliminary indicationsthat
even though thefirst monom eric red FP, m RFPL, shows approxi-
m ately tenfold faster photobleachingthan the second-generation
monomer m Cherry, both appear to havesimilar bleaching tim es
when excited at 568 nm on alaser scanning confoca microscope.
TheCFPvariant Cerulean gppearsmorephotostablethan ECFPwith
laser illumination on aconfoca microscopedbut appearslessphoto-
stablethan ECFPwith arclamp illumination. Such inconsistencies
between bleaching behavior at moderate versusvery high exciter
tion intensitiesarelikely to occur with many FPs. Single-molecule
m easurem entswill beeven lesspredictablebased on our population
m easurem ents, becauseour extinction coefficientsare averagesthat
includepoorlyfolded or nonfluorescent molecules, whereassingle-
moleculeobservationsexcludesuch defectivemolecules.

Itiscritical to choosefilter setswisely for experim entsthat require
long-term orintensiveim aging. Choosingsuboptim a filter setswill
lead to m arkedly reduced apparent photostability owingto theneed
to uselonger exposuretimesor greater illumination intensitiesto
obtain sufficient emission intensity.

Source laboratory Excitation®

Emissiond
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Qass Protein (references) (nm) (nm) Brightness®  Photostability’ pKa  Oligomerization
Far-red mPlumd Tsien (5) 590 649 4.1 53 <4.5 Monomer
Red mcherryd Tsien (4) 587 610 16 96 <4.5  Monomer
tdTomatod Tsien (4) 554 581 95 98 4.7 Tandem dimer
mStranberryd Tsien (4) 574 596 26 15 <4.5  Monomer
J-Red" Burogen 584 610 8.8" 13 5.0 Dimer
DsRed-monomer  dontech 556 586 35 16 45  Monomer
Orange mOrange? Tsien (4) 548 562 49 9.0 6.5 Monomer
mKO MBL Intl. (10) 548 559 31 122 50  Monomer
Yellow-green mdtring Tsien (16,23) 516 529 59 49 5.7 Monomer
\enus Miyawaki (1) 5ils 528 53" 15 6.0 Weak dimer]
Yret9 Daugherty (2) 517 530 80" 49 5.6 Weak dimer]
EYRP Invitrogen (18) 514 527 51 60 6.9 Weak dimer]
Green Emeraldd Invitrogen (18) 487 509 39 0.69K 6.0  Weakdimer
BEGFP Qontech! 488 507 34 174 6.0  Weakdimer
G/an G/Pet Daugherty (2) 435 vag 18 59 5.0 Weak dimer]
maPm™ Tsien (23) 433 475 13 64 4.7 Monomer
Ceruleand Piston (3) 433 475 27 36 4.7 Weak dimer]
UV-excitable green  T-Sapphired Qriesbeck (6) 399 511 26" 25 49  Weak dimer!

aAn expanded version of this table, including a list of other commercially available FPs, is available as Supplementary Table 1. PThe mutations of all common AFPs relative to the wild-type protein are
available in Supplementary Table 3. Major excitation peak. 9Major emission peak. Product of extinction coefficient and quantum yield at pH 7.4 measured or confirmed (indicated by *) in our laboratory
under ideal maturation conditions, in (mM¥ cm)BL (for comparison, free fluorescein at pH 7.4 has a brightness of about 69 (mM¥ cm)BXL). fTime for bleaching from an initial emission rate of 1,000 photons/s
down to 500 photons/s (t,,; for comparison, fluorescein at pH 8.4 hast, ,, of 5.2 s); data are not indicative of photostability under focused laser illumination. 9Brightest in spectral class. "Not recommended
(dim with poor folding at 37 j Q. dtrine YAP with A206K mutation; spectroscopic properties equivalent to dtrine. IGan be made monomeric with A206K mutation. “Emerald has a pronounced fast bleaching
component that leads to a very short time to 50% bleach. Its photostability after the initial few seconds, however, is comparable to that of EGFP. 'Formerly sold by Qontech, no longer commercially available.
mEJP with A206K mutation; spectroscopic properties equivalent to BEGFP.
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Qigomerization and toxicity
Unlikeweakly dim ericAFPs,m ot newly discovered wild-typeFPsare
tightly dim ericor tetram eric” 9121422 Many of thesewild-typepro-
teins, however, can beengineered into monom ersor tandem dimers
(functiondlymonom ericthough twicethem olecular weight), which
can then undergo further optimization4101217 Thus, even though
oligom erization caused substantial troublein theearlier daysof red
fluorescent proteins(RFPs), therearenow highly optimized mono-
mersortandem dim ersavailablein every spectral class. Although
mos AFPsarein fact very weak dim ers, they can bem adetrulymono-
mericsimply by introducingthemutation A206K, generally without
deleteriouseffects?®. Thus, any of therecom mended proteinsin
Table 1 should becapableof performing well in any application
requiringamonomericfusion tag. Researchersshould rem ain vigil-
iant of thisissue, however, and awaysverify theoligom erization sta
tusof anynewor Om proved FPsthat arereleased. Lack of visiblepre-
cipitatesdoesnot ruleout oligom erization at themolecular level.
Itisrarefor FPsto haveobvioustoxic effectsin most cellsin cul-
ture, but careshould alwaysbetaken to do theappropriatecontrols
when exploringnew cell linesor tissues. Asso many new FPshave
becom eavailable, it isunknown whether any m ay besubstantialy
moretoxicto cellsthan AFPs.In our hands, tetram ericproteinscan
besom ewhat toxicto bacteria, especidly if they display asubstan-
tialamount of aggregation,but monomericproteinsaregeneraly
nontoxic. It seem sdifficult or im possibleto generatetransgenicmice
widely expressingtetram eric RFPs, whereassevera groupshavesuc-
cessfully obtained miceexpressingmonom eric RFPs2425,

Environmental sensitivity

When im agesm ust bequantitatively interpreted, it iscritical that the
fluorescenceintensity of theprotein used not besensitiveto factors
other than thosebeing studied. Early YFP variantswererelatively
chloridesensitive, aproblem that hasbeen solved in theCitrineand
Venus(and likely YPet) variants-216 Most FPsalso havesom eacid
sensitivity. For general im aging experim ents, all FPslisted in Table
1 havesufficient acid resistanceto perform reliably. More acid-

19 sensitive FPs, however, m ay givepoor resultswhen targeted to
= acidiccom partm entssuch asthelumen of lysosom esor secretory

Table 2 | Recommended filter sets

Huorescent protein Excitation® Emission®
Multiple labeling Gerulean or G/Pet  425/20 480/40
mdtrine or YPet 495/10 525/20
mOrange or mKO 545/10 575/25
mCherry 585/20 675/130
mPlum 585/20 675/130
Single labeling  T-Sapphire 400/40 525/80
CGerulean or G/Pet 425/20 505/80
Emerald 470/20 530/60
mdtrine or YPet 490/30 550/50
mOrange or mKO 525/20 595/80
tdTomato 535/20 615/100
mStranberry 550/20 630/100
mCherry 560/20 640/100
mPlum 565/40 670/120

AValues are given as center/bandpass (nm). Bandpass filters with the steepest possible cutoff are
strongly preferred.
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granules,and may confound quantitativeim ageinterpretation if a
given stimulusor condition leadsto atered intracellular pH . Because
of this,oneshould avoid usingm Orange*, GFPsor YFPsfor experi-
m entsin which acid quenchingcould produceartifacts. Conversely,
thepH sensitivity of theseproteinscan bevery valuableto monitor
organéllar luminal pH or exocytosis?®27.

Multiple labeling

Oneofthemogt attractiveprospectspresented by therecent devel-
opment of such awidevarietyof monomeric FPsisfor multiple
labelingof fusion proteinsin singlecells. Although linear unmixing
system sprom isetheability to distinguish between largenum bersof
different fluorophoreswith partially overlapping spectra?®,itispos
sibleeven with asim pler optical setup to clearly distinguish between
threeor four different FPs. Usingthefilter setsrecommended in
Table2,0nemay im agecyan, yellow, orangeand red (Cerulean or
CyPet,any YFR, m Orangeor m KO and m Cherry) simultaneously
with minim al crosstalk. To produce even cleaner spectral separa
tion,onecould im agecyan,orangeand far-red (Cerulean or CyPet,
mOrangeor mKO, and m Plum)24510,

Additional concerns for complex experi ments
Formorecomplexim aging experim ents, additional factorscome
into play when choosingthe best genetically encoded fluores-
cent probe, many of which arebeyond thescopeof thisperspec-
tive. For FRET applications,thechoiceof appropriatedonor and
acceptor FPsm ay becritical, and seem ingly sm al factors(such as
linker length and com position for intram olecular FRET constructs)
m ay haveasubstantia role. Therecent developm ent of the FRET-
optimized cyan-yellow pair CyPet and YPet holdsgreat promisefor
theim provem ent of FRET sensitivity?, and it isthecurrent favorite
asastartingpoint for new FRET sensorsbut hasyet to beproven
in awidevariety of constructs. For experimentsrequiring photo-
activatableor photoconvertibletags, several optionsareavailable,
including photoactivatable GFP (PA-GFP) 5 and monom eric RFP
(PA-m RFP) 13, reversibly photoswitchableD ronpa®®, thetetram eric
kindling fluorescent protein (KFP)9, and thegreen-to-red photo-
convertibleproteins KikGR and EosFP12 (thelatter isavailable as
abright tandem dim er) and cyan-to-green photoconvertiblemono-
mer PS-CFP8. Amoredetailed (but probably not exhaustive) list of
optionsfor thesemoreadvanced applicationsof FPsarelisted in
Supplementary Table3online. In addition, arecent review isavail-
abledetailingthepotential applicationsof photoactivatable FPs.

Future developments

Although thepresent set of FPshasgiven researchersan unpre
cedented variety of high-perform anceoptions, therearestill many
areasthat could stand im provem ent. In thefuture,monom ericpro-
teinswith greater brightnessand photostability will allow for even
moreintensiveim agingexperim ents, efficiently foldingmonomeric
photoconvertibleproteinswill im proveour ability to perform pho-
tolabelingof fusion proteins, FRET pairsengineered to beorthogo-
na to thecurrently used CFP YFPpairswill dlowim agingof severa
biochemical activitiesin thesam ecell, and thelong-wavelength end
of theFP spectrum will continueto expand, alowingfor moresen-
sitiveand efficient imagingin thick tissueand wholeanim als. By
applyingtheprinciplesput forth here, researchersm ay evaluateeach
new developmentin thefield of FPsand m akean inform ed decision
asto whether it fitstheir needs.
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(A) mCherry photobleaching curve, showing nearly single exponential behavior
(B) Emerald photobleaching curve, showing pronounced fast initial component



Supplementary Table 1

Brightness of

photostabilit

Ex Em Extinction Fluorescence Brightness fully mature ¢ y (fold t o5 for
Wavelength Class Protein Source Lab Organism coefficient per quantum (EC* QY) v tos for improvement pKa maturation at Oligomerization References
(nm)  (nm) 4 n ~ protein (% of bleach, sec
chain, Mlcm yield (mM*cm)~ -1 fluorescein) over 37!C
fluorescein)
Far-red mPlum Tsien Discosoma sp. 590 649 41,000 0.10 4.1 5.5) 53 <4.5 100 min monomer 5
Red mCherry Tsien Discosoma sp. 587 610 72,000 0.22 16 23 96 1311 <4.5 15 min monomer 4
tdTomato Tsien Discosoma sp. 554 581 138,000 0.69 95 138 98 15 4.7 1hr tandem dimer 4
mStrawberry Tsien Discosoma sp. 574 596 90,000 0.29 26 38 15 2l <4.5 50 min monomer 4
J-Red Evrogen Unidentified Anthomedusa 584 610 44,000 0.20 8.8 i3 i3 1.8 5 ND dimer X
DsRed-Monomer Clontech Discosoma sp. 556 586 35,000 0.10 B85 il 16 2.2 4.5 ND monomer y
Orange mOrange Tsien Discosoma sp. 548 562 71,000 0.69 49 71 9.0 1.2 6.5 2.5 hr monomer 4
mKO MBL Intl. Fungia concinna 548 559 51,600 0.60 il 45 122 16.7 5 4.5 hr monomer 10
Yellow mCitrine Tsien Aequorea victoria 516 529 77,000 0.76 59 85 49 6.7 5.7 ND monomer 16, 23
Venus Miyawaki Aequorea victoria 515 528 92,200 0.57 53 76 15 2.0 6 ND weak dimer 1
YPet Daugherty Aequorea victoria 517 530 104,000 0.77 80 116 49 6.7 5.6 ND weak dimer 2
EYFP Invitrogen Aequorea victoria 514 527 83,400 0.61 51 74 60 8.3 6.9 ND weak dimer 18
Green Emerald Invitrogen Aequorea victoria 487 509 57,500 0.68 39 57 0.69 0.1 6 ND weak dimer 18
EGFP Clontech* Aequorea victoria 488 507 56,000 0.60 34 49 174 23.9 6 ND weak dimer y
Cyan CyPet Daugherty Aequorea victoria 435 477 35,000 0.51 18 26 59 8.1 5 ND weak dimer 2
mCFP Tsien Aequorea victoria 433 475 32,500 0.40 13 19 64 8.8 4.7 ND monomer 23
Cerulean Piston Aequorea victoria 433 475 43,000 0.62 27 39 36 5.0 4.7 ND weak dimer )
UV-excitable green T-Sapphire Griesbeck Aequorea victoria 399 511 44,000 0.60 26 38 25 553 4.9 ND weak dimer 6
Reference fluorescein pH 8.4 495 519 75,000 0.92 69 100 7.3 1.0 6.4

* No longer commercially available

X WWW.evrogen.com
y www.clontech.com
ND = not determined

FPs not included in main table

Protein Source Comments

AceGFP Evrogen no clear advantage over well-validated Aequorea GFPs

AcGFP1 Clontech no clear advantage over well-validated Aequorea GFPs
AmCyan1 Clontech tetrameric

AQ143 Lukyanov tetrameric

AsRed2 Clontech tetrameric

Azami-Green/mAG MBL Intl. no clear advantage over well-validated Aequorea GFPs

cOFP Stratagene tetrameric

CopGFP Evrogen no clear advantage over well-validated Aequorea GFPs

dimer2, tdimer2(12) Tsien slower maturation than dTomato/tdTomato
DsRed/DsRed2/DsRed-Express Clontech tetrameric

EBFP Clontech Fast bleaching, dim, no longer commercially available

eqFP611 Weidenmann poor folding at 37C, tetrameric

HcRed1 Clontech dimeric, dim

HcRed-tandem Evrogen fast bleaching, dim

Kaede MBL Intl. dimmer and less efficient at photoconversion than KikGR
mBanana Tsien dim, fast photobleaching

mHoneydew Tsien dim, fast photobleaching

MiCy MBL Intl. dimeric, less spectral separation from YFPs than Aequorea GFP-derived CFPs
mRaspberry Tsien faster bleaching than mPlum

mRFP1 Tsien dimmer and less photostable than mCherry

mTangerine Tsien fast bleaching, dimmer than mStrawberry

mYFP Tsien Chloride sensitivity

PhiYFP Evrogen suspected aggregation, faster bleaching than other YFPs, potential problems with fusion constructs
Renilla GFPs various dimeric, no clear advantages over well-validated Aequorea GFPs
TurboGFP Evrogen no clear advantage over well-validated Aequorea GFPs
ZsYellowl Clontech tetrameric



Supplementary Table 2

GFP variant Mutationsrelative to wtGFP

EGFP * F64L, 65T

Emerald * F64L, SB5T, S72A, N149K, M153T, 1167T

EYFP X B5G, VB8L, S72A, T203Y

mYFP X B5G, VB8L, Q69K, S72A, T203Y, A206K

Gtrine ™ B5G, VB8L, Q69M, S72A, T203Y

mGitrine*” B5G, VB8L, Q69M, S72A, T203Y, A206K

Venus” F46L, FB4L, SB5G, V8L, S72A, M153T, V163A, SL75G, T203Y

YPet F46L, 1471, F64L, S65G, S72A, M153T, V163A, SL75G, T203Y, S208F, V2241, H231E, D234N
ECFP ¥ F64L, 65T, Y66W, N1491, M153T, V163A

mCFP ** F64L, 65T, Y66W, N1491, M153T, V163A, A206K

Cerulean™” F64L, 65T, Y66W, S72A, Y145A, H148D, N149I, M153T, V163A

CyPet TOG, V11I, D19E, F64L, SB5T, Y66W, A87V, N1491, M153T, V163A, I167A, EL72T, L1941
BFP F64L, 65T, Y66H, Y145F

T-Sapphire Q69M, C70V, S72A, Y145F, V163A, S175G, T203!

* Some clones of Aequorea fluorescent proteins contain additional mutations believed to be neutral, such as
K26R, Q80R N146H, H231L, etc.variants

" Many GFP variants contain Vinserted after Met1 so that the mRNA should contain an ideal translational
start sequence. We number such aV as lato preserve wild-type numbering for the rest of the sequence.



Supplementary Table 3

Class Protein Source (Reference) Ex(hm)® Em (nm)® EC® Qv Oligomerization Comments
Photoactivatable monomer Photoactivation with
PA-GFP Lippincott-Schwartz (15) 504 517 17,400 0.79 (weakdimer)  UVillumination
Reversible
Dronpa MBL Intl. (29) 503 518 95,000 0.85 monomer photoactivation with
WVillumination
PA-MRP Verkhusha (13) 578 605 10,000 008 monomer  notoactivation with
WVillumination
KPP Evrogen (9) 580 600 59,000 007 tetramer [ potoactivation with
green light illumination
Photoconvertible Photoconversion from
mEosHP Wiedenmann (12) 505/569  516/581 67,200/37,000 0.64/0.62 monomer green to red with UV
illumination
Photoconversion from
tdEosHP Wiedenmann (12) 505/570  516/582 84,000/33,000 0.66/0.60 tandem dimer  green to red with UV
illumination
Photoconversion from
KikGR MBL Intl. (14) 507/583  517/593 28,200/32,600 0.70/0.65 tetramer green to red with UV
illumination
Photoconversion from
PSCHP2 BEvrogen (8) 400/490  468/511 43,000/47,000 0.2/0.23 monomer cyan to green with UV

abed Before/after photoconversion

illumination



Supplementary Discussion
Measurement of timeto bleach from 1000down to 500emitted photons/sec

In each bleaching experiment on the microscope we measure the totd excitation
beam power exiting the microscopeokjective, with the sample replaced by amicro-
integrating spheae attached to an ILC1700meter (Internationa Light, Newburyport MA),
giving adeector current | in amperes. The manufacturer provides a NI ST-tracesble
absolute calibration of this phodetector, M( ), in ampere/waitt at 1 nmintervals. We know
the relative output of axenonlamp, L( ), in phoonsper 1 nm bandwidth, and we have
separately measured the tranamission of each excitation filter F( ) and dichroic mirror D( ).
The energy of each phaon of wavelength ishd  J()). The number of phaonspe nm at
wavelength isgiven by EL( )F()D( ), wherethe overal amplitude factor E is determined
by the equation:

70001m

I ="EL(RF(AD(RIAM(%d% $ | EL(%F(AD(%JI(9M(%# %

400mm
The rate of excitation X of each fluorophaeistheintegrd of the respective contributions
from phaonsof each wavelength interval . Each wavelength interva contributes
EL()F()D() ()/A, where () istheoptica cross-section per molecule, and A is the area of
illumination. () is propottiond to the extinction coefficient () asfollows: () = (1000
cm?/liter)(In 10) ()/(6.023x 10°/mole) = (3.82x 10* cm*&1)4&( ). Thus

X = "(E/AL(HF (9D(96&(%9% $ | (E/ALHF (9D(9%& (%4 %

400im
Theinitia rate of emission before any bleaching has occurred is smply XQ, where Q isthe
fluorescence quantum yield. Meanwhile the camera measures the relative intengty from the
microscopic droplet as afundion of time, from which thetimet,,, to drop to 50% of the
initid intengty can be readily measured by interpdation. We assume that reciprocity hads
for XQ within an order of magnitude of 1000phaong/s, i.e. that bleachingtimeisinversey
propottiond to X. Thisreciprocity assumption has been verified for afew of thefluorescent
proteinsin Table 1, but is expected to break down when X is orders of magnitude greater
than 1000phobngs, i.e. unde focused laser illuminaion. Assuming reciprocity:

t(to bleach 50% starting from 1000phaongds) =t,,,[XQ/(1000phdongs)]

We mug admit that our numericd estimates of phobhbleaching have undergore
some systematic revisionsin successive pulications, largely dueto progressive recogntion
of the followingerrors. 1) It is more accurate to perform the above summationsover
waveengthsrather than to assume monachromaticity, i.e. to use jus the meter caibration
and extinction coefficient at the center of the excitation passband. 2) The minera ail in
which the microdroplets are suspended mug be carefully pre-extracted to remove traces of
acidic or quenching contaminants. 3) Many fluorescent proteinsrefuse to bleach with singe
exporentias or quantum yieldsand canna be quantified as such. 4) Some fluorescent
proteins have avery fast phase of partia bleaching tha can bemissed if onespendstoo
much time focus ng and setting up the measurement at too high an intengty. 5) Spatidly
nonunform illumination can mean that the calibrated photodode and the droplets imaged
by the camera see different intengties.

Because of these uncertainties, the relative phaogabilities reported withinasinge
paper should be more reliable than the absolute values. However, the latter are still



important to enable comparison with other molecules and estimation of the feasibility of
new experiments.



