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The recent explosion in the diversity of available fluorescent proteins (FPs)1Ð16 
promises a wide variety of new tools for biological imaging. With no unified standard 
for assessing these tools, however, a researcher 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 FPs provides a useful guide in narrowing 
down the options.

We can begin  by stating several general requirem ents fo r 
the successfu l use o f  an  FP in  an  im agin g experim en t. 
First, the FP sho uld express efficien tly and witho ut toxic-
ity in  the cho sen  system , and it sho uld be bright en o ugh 
to  pro vide sufficien t signal abo ve auto fluo rescence to  be 
reliably detected and im aged. Seco nd, the FP sho uld have 
sufficien t pho to stability to  be im aged fo r the duratio n  o f 
the experim en t. Third, if  the FP is to  be expressed as a 
fusio n  to  an o ther pro tein  o f in terest, then  the FP sho uld 
n o t o ligo m erize. Fo urth, the FP sho u ld be in sen sit ive 
to  enviro n m en tal effects that co u ld co n fo un d quan ti-
tative in terpretatio n  o f experim en tal resu lts. Finally, in  
m ultiple- labeling experim ents, the set o f FPs used sho uld 
have m in im al cro sstalk in  their excitatio n  and em issio n  
chan nels. Fo r m o re co m plex im aging experim en ts, such 
as tho se usin g flu o rescen ce reso n an ce en ergy tran sfer 
( FRET) 17 o r selective o ptical labelin g usin g pho to co n -
vert ible FPs12,15, addit io n al co n sideratio n s co m e in to  
p lay. Gen eral reco m m en dat io n s to  help determ in e 
the o ptim al set o f  FPs in  each spectral class fo r a given  
experim ent are available in  Box 1, alo ng with m o re detail 
o n  each issue discussed belo w.

ÔBrightnessÕ and expression
FP ven do rs typically m ake o ptim istic but vague claim s 
as to  the brightness o f the pro teins they pro m o te. Purely 
qualitat ive brightn ess co m pariso n s that do  n o t  pro -
vide clear in fo rm at io n  o n  the ext in ct io n  co efficien t 
an d quan tum  yield sho u ld be viewed with skepticism . 

Fo r exam ple, the n ewly released D sRed- Mo n o m er 
(Clo n tech)  is described as Òbright,Ó even  tho ugh in  fact, 
it  is the dim m est m o n o m eric red flu o rescen t pro tein  
( RFP)  presen tly available.

The perceived brightn ess o f  an  FP is determ in ed by 
several highly variable facto rs, in cludin g the in trin sic 
brightness o f the pro tein  ( determ ined by its m aturatio n  
speed an d efficien cy, extin ctio n  co efficien t, quan tu m  
yield an d, in  lo n ger experim en ts, pho to stability) , the 
o ptical pro perties o f  the im agin g setup ( illu m in atio n  
wavelength and in tensity, spectra o f filters and dichro ic 
m irro rs) , an d cam era o r hu m an  eye sen sit ivity to  the 
em issio n  spect ru m . Altho u gh these facto rs m ake i t 
im po ssible to  n am e any o n e FP as the brightest o ver-
all, it is po ssible to  iden tify the brightest pro tein  in  each 
spectral class (when  m o re than  o ne pro tein  is available) , 
as th is depen ds o n ly o n  the in t r in sic o pt ical pro per-
t ies o f  the FP. The brightest pro tein s fo r each class are 
listed in  Table 1, with greater detail o n  the pro perties o f 
each listed pro tein  available in  Su pplemen tary Table 1 
o n line. As discussed belo w in  relatio n  to  pho to stability, 
the cho ice o f o ptim al filter sets is critical to  o btain ing the 
best perfo rm ance fro m  an  FP.

Gen erally, FPs that have been  o pt im ized fo r m am -
m alian  cells will express well at 37 ¡C, bu t so m e pro -
tein s m ay fo ld m o re o r less eff icien t ly. We have n o t 
do n e exten sive tests in  m am m alian  cells to  determ in e 
relative efficien cy o f  fo ldin g an d m atu ratio n  at 37 ¡C 
versus lower tem peratures, but expressio n  o f pro teins in  
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bacteria at 37 ¡C versus 25 ¡C gives so m e in dicatio n  o f the relative 
efficien cies. These experim en ts suggest that there are several pro -
teins that do  n o t m ature well at 37 ¡C. Indicatio ns o f po ten tial fo ld-
ing inefficiency at 37 ¡C sho uld n o t be taken with abso lute certain ty, 
ho wever, as additio n al chapero n es an d o ther differen ces between  
m am m alian  cells an d bacteria ( an d even  variatio ns between  m am -
m alian  cell lines)  co u ld have substan tial in fluences o n  fo lding an d 
m aturatio n  efficiency.

Generally, m o dern  Aequorea- derived fluo rescen t pro teins ( AFPs, 
see Supplementar y Table 2 o n l in e fo r m u tat io n s o f  co m m o n  
AFP varian ts relat ive to  wild- type GFP)  fo ld reaso n ably well at 
37 ¡C! in  fact, several recen t varian ts have been  specifically o pti-
m ized fo r 37 ¡C expressio n . The U V- excitable varian t T- Sapphire6 
an d the yello w AFP ( YFP)  varian t Ven us1 are exam ples o f  these. 
The best green  GFP varian t, Em erald18, also  fo lds very efficien tly 
at 37 ¡C co m pared with its predecesso r, en han ced GFP ( EGFP) . 
The o n ly recen t ly develo ped AFP that perfo rm ed po o rly in  o u r 
tests was the cyan  varian t, CyPet2, which fo lded well at ro o m  tem -
perature bu t po o rly at 37 ¡C. All o ran ge, red an d far- red FPs ( with 
the except io n  o f  J- Red an d D sRed- Mo n o m er)  l isted in  Table 1 
perfo rm  well at 37 ¡C.

An  addit io n al facto r affectin g the m aturatio n  o f  FPs expressed 
in  living o rgan ism s is the presence o r absence o f m o lecular oxygen . 
The requirem ent fo r O2 to  dehydro genate am in o  acids during chro -
m o pho re fo rm atio n  has two  im po rtan t co n sequen ces. First, each 
m o lecu le o f  AFP sho u ld gen erate o n e m o lecu le o f  H 2O2 as part 
o f  its m aturatio n  pro cess18, an d the lo n ger- wavelen gth FPs fro m  
co rals pro bably generate two 19. Seco n d, fluo rescence fo rm atio n  is 
preven ted by rigo ro usly an oxic co n ditio n s ( <  0.75 µM O2) , bu t is 
readily detected at 3 µM O2 ( ref. 20) . Even  when  an o xia in it ially 
preven ts fluo ro pho re m aturatio n , fluo rescence m easurem en ts are 
usually do ne after the sam ples have been  expo sed to  air21.

Photostabi l i ty
All FPs even tually pho to bleach upo n  exten ded excitatio n , tho ugh 
at a m uch lo wer rate than  m any sm all- m o lecu le dyes ( Table 1) . In  
additio n , there is substan tial variatio n  in  the rate o f pho to bleaching 
between differen t FPs! even between FPs with o therwise very sim i-
lar o ptical pro perties. Fo r experim en ts requiring a lim ited num ber 
o f  im ages ( aro u n d 10 o r fewer) , pho to stability is gen erally n o t a 
m ajo r facto r, bu t cho o sing the m o st pho to stable pro tein  is critical 
to  success in  experim en ts requiring large num bers o f im ages o f the 
sam e cell o r field.

A un ified characterizatio n  o f FP pho to stability has un til n ow been 
lackin g in  the scien tific literature. Altho ugh m any descriptio n s o f 
new FP variants include so m e characterizatio n  o f their pho to stability, 
the m etho ds used fo r this characterizatio n  are highly variable and the 
resulting data are im po ssible to  co m pare directly. Because m any FPs 
have co m plex pho to bleaching curves and require different excitatio n  
in tensities and expo sure tim es, a standardized treatm ent o f pho to sta-
bility m ust take all these facto rs in to  acco un t.

To  pro vide a basis fo r co m parin g the practical pho to stability o f 
FPs, we have m easured pho to bleaching curves fo r all o f the FPs listed 
in  Table 1 un der co n ditio ns designed to  effectively sim u late wide-
field m icro sco py o f live cells4. Briefly, aqueo us dro plets o f purified 
FPs ( at pH  7)  were fo rm ed u n der m in eral o il in  a cham ber that 
allo ws im aging o n  a fluo rescence m icro sco pe. D ro plets o f vo lum es 
co m parable to  tho se o f typical m am m alian cells were pho to bleached 
with co n tinuo us illum inatio n  while reco rding im ages perio dically 
to  generate a bleaching curve. To  acco un t fo r differences in  bright-
ness between pro teins and efficiency o f excitatio n  in  o ur m icro sco pe 
setup, we n o rm alized each bleaching curve to  acco un t fo r the extinc-
tio n  co efficien t and quan tum  yield o f the FP, the em issio n  spectrum  
o f  the arc lam p used fo r excitatio n , an d the tran sm issio n  spectra 
o f the filters and o ther o ptical path co m po nen ts o f the m icro sco pe 

BOX 1  RECOMMENDATIONS BY SPECTRAL CLASS 
Far- red. mPlum is t h e on ly reason ably brigh t  an d photostable far- red monomer available. Alt hough  it  is not  as brigh t  as many 
short er-wavelengt h  opt ions, it  should be used wh en  spect ral separat ion  from ot h er FPs is crit ical, an d it  may give some advan tage 
wh en  imaging t h icker t issues. AQ143, a mutat ed an emon e ch romoprot ein , h as comparable brigh t n ess ( " = 90 (mM ¥ cm) Ð1, quan t um 
yield ( QY)  = 0.04)  an d even  longer wavelengt hs ( excit at ion , 595 n m; emission , 655 n m) , but  it  is st ill t et rameric31.

Red. mCh erry is t h e best  gen eral- purpose red monomer owing to its superior photostabilit y. Its predecessor mRFP1 is now obsolet e. 
Th e t an dem dimer tdTomato is equally photostable but  twice t h e molecular weigh t  of mCh erry, an d may be used wh en  fusion  t ag 
size does not  in t erfere wit h  prot ein  fun ct ion . mSt rawberry is t h e brigh t est  red monomer, but  it  is less photostable t h an  mCh erry, 
an d should be avoided wh en  photostabilit y is crit ical. We do not  recommen d using J- Red an d DsRed- Monomer.

Orange. mOrange is t h e brigh t est  orange monomer, but  should not  be used wh en  photostabilit y is crit ical or wh en  it  is t arget ed to 
regions of low or unstable pH. mKO is ext remely photostable an d should be used for long- t erm or in t ensive imaging experimen ts or 
wh en  t arget ing to an  acidic or pH- unstable en viron men t .

Yellow-green. Th e widely used varian t  EYFP is obsolet e an d in ferior to mCit rin e, Ven us an d YPet . Each  of t h ese should perform well 
in  most  applicat ions. YPet  should be used in  con jun ct ion  wit h  t h e CFP varian t  CyPet  for FRET applicat ions.

Green. Alt hough  it  h as a more pronoun ced fast  bleach ing compon en t  t h an  t h e common  varian t  EGFP, t h e n ewer varian t  Emerald 
exh ibits far more efficien t  folding at  37 ¡C an d will gen erally perform much  bet t er t h an  EGFP.

Cyan. Cerulean  is t h e brigh t est  CFP varian t  an d folds most  efficien t ly at  37 ¡C, an d t h us, it  is probably t h e best  gen eral- purpose CFP. 
Its photostabilit y un der arc- lamp illumin at ion , however, is much  lower t h an  t h at  of ot h er CFP varian ts. CyPet  appears superior to 
mCFP in  t h at  it  h as a somewh at  more blue-sh ift ed an d n arrower emission  peak, an d displays efficien t  FRET wit h  YFP varian t  YPet , 
but  it  expresses relat ively poorly at  37 ¡C.

UV-ex ci table green. T- Sapph ire is pot en t ially useful as a FRET donor to orange or red monomers.
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( see4 and Su pplemen tary D iscussio n  o n line fo r additio nal descrip-
tio n  o f bleaching calculatio ns) . This m etho d o f n o rm alizatio n  pro -
vides a practical m easurem en t o f ho w lo ng each FP will take to  lo se 
50% o f an  in itial em issio n  rate o f 1,000 pho to ns/s. Because dim m er 
pro teins will require either higher excitatio n  po wer o r lo nger expo -
sures, we believe this m etho d o f n o rm alizatio n  pro vides a realistic 
picture o f ho w differen t FPs will perfo rm  in  an  actual experim en t 
im aging po pulatio ns o f FP m o lecules. Bleaching experim en ts were 
perfo rm ed in  parallel fo r several ( bu t n o t all)  o f  the FPs listed in  
Table 1 expressed in  live cells and gave tim e co urses clo sely m atching 
tho se o f purified pro teins in  m icro dro plets.

Based o n  o ur pho to bleaching assay results, it is clear that pho to -
stability can  be highly variable between  differen t FPs, even  tho se o f 
the sam e spectral class. Taking in to  acco un t brightness and fo lding 
efficiencies at 37 ¡C, the best pro teins fo r lo ng- term  im aging are the 
m o n o m ers m Cherry and m KO. The red tandem  dim er tdTo m ato  is 
also  highly pho tostable and m ay be used when the size o f the fusio n tag 
is no t o f great co ncern. The relative pho to stability o f pro teins in  each 
spectral class is indicated in  Table 1. So m e AFPs, such as Cerulean, had 
illum inatio n  in tensityÐdependent fast bleaching co m po nents, and so  
pho to bleaching curves were taken  at lo wer illum inatio n  in tensities 
where this effect was less pro no unced. The GFP variant Em erald dis-
played a very fast in itial bleaching co m po nent that led to  an extrem ely 
sho rt tim e to  50% bleach. But after this in itial fast bleaching phase, its 
pho to stability decayed at a rate very sim ilar to  that o f EGFP. All YFPs, 
with the exceptio n  o f Venus, have reaso nably go o d pho to stability, and 
thus, YFP selectio n  sho uld be guided by brightness, enviro n m en tal 
sensitivity o r FRET perfo rm ance (see Box 1 fo r greater detail and fo r 

general reco m m endatio ns fo r all spectral classes, and Supplemen tary 
Fig. 1 o n line fo r sam ple bleaching curves) .

Our m etho d o f m easuring pho to bleaching has so m e lim itatio ns 
in  its applicability to  differen t im aging m o dalities, such as laser scan-
n ing co n fo cal m icro sco py. Altho ugh we believe that o ur m easure-
m en ts are valid fo r excitatio n  light in ten sit ies typical o f  stan dard 
epiflu o rescen ce m icro sco pes with arc lam p il lu m in atio n  ( u p to  
10 W/cm 2) , higher in tensity ( fo r exam ple, laser)  illum inatio n  ( typi-
cally > > 100 W/cm 2)  evo kes n o n linear effects that we cann o t predict 
with o ur assay. Fo r exam ple, we have prelim inary in dicatio n s that 
even  tho ugh the first m o n o m eric red FP, m RFP1, sho ws approxi-
m ately ten fo ld faster pho to bleachin g than  the seco n d- gen eratio n  
m o n o m er m Cherry, bo th appear to  have sim ilar bleachin g tim es 
when  excited at 568 n m  o n  a laser scan n in g co n fo cal m icro sco pe. 
The CFP variant Cerulean appears m o re pho to stable than ECFP with 
laser illum inatio n  o n  a co n fo cal m icro sco pe3 but appears less pho to -
stable than  ECFP with arc lam p illum inatio n . Such inco nsistencies 
between  bleachin g behavio r at m o derate versus very high excita-
tio n  in tensities are likely to  o ccur with m any FPs. Single- m o lecu le 
m easurem ents will be even less predictable based o n  o ur po pulatio n  
m easurem ents, because o ur extinctio n  co efficien ts are averages that 
include po o rly fo lded o r n o n fluo rescen t m o lecules, whereas single-
m o lecule o bservatio ns exclude such defective m o lecules.

It is critical to  cho o se filter sets wisely fo r experim ents that require 
lo ng- term  o r in tensive im aging. Cho o sing subo ptim al filter sets will 
lead to  m arkedly reduced apparen t pho to stability owing to  the need 
to  use lo n ger expo sure tim es o r greater illum inatio n  in ten sities to  
o btain  sufficien t em issio n  in tensity.

Table 1 | Properties of the best FP variantsa,b 

Class Protein
Source laboratory 
(references)

Excitationc 
(nm)

Emissiond 
(nm)

Brightnesse Photostabilityf pKa Oligomerization

Far-red mPlumg Tsien (5) 590 649 4.1 53 <4.5 Monomer

Red mCherryg Tsien (4) 587 610 16 96 <4.5 Monomer

 tdTomatog Tsien (4) 554 581 95 98 4.7 Tandem dimer

 mStrawberryg Tsien (4) 574 596 26 15 <4.5 Monomer

 J-Redh Evrogen 584 610 8.8* 13 5.0 Dimer

 DsRed-monomerh Clontech 556 586 3.5 16 4.5 Monomer

Orange mOrangeg Tsien (4) 548 562 49 9.0 6.5 Monomer

 mKO MBL Intl. (10) 548 559 31* 122 5.0 Monomer

Yellow-green mCitrinei Tsien (16,23) 516 529 59 49 5.7 Monomer

 Venus Miyawaki (1) 515 528 53* 15 6.0 Weak dimerj

 YPetg Daugherty (2) 517 530 80* 49 5.6 Weak dimerj

 EYFP Invitrogen (18) 514 527 51 60 6.9 Weak dimerj

Green Emeraldg Invitrogen (18) 487 509 39 0.69k 6.0 Weak dimerj

 EGFP Clontechl 488 507 34 174 6.0 Weak dimerj

Cyan CyPet Daugherty (2) 435 477 18* 59 5.0 Weak dimerj

 mCFPmm Tsien (23) 433 475 13 64 4.7 Monomer

 Ceruleang Piston (3) 433 475 27* 36 4.7 Weak dimerj

UV-excitable green T-Sapphireg Griesbeck (6) 399 511 26* 25 4.9 Weak dimerj

aAn expanded version of this table, including a list of other commercially available FPs, is available as Supplementary Table 1. bThe mutations of all common AFPs relative to the wild-type protein are 
available in Supplementary Table 3. cMajor excitation peak. dMajor emission peak. eProduct 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)Ð1 (for comparison, free fluorescein at pH 7.4 has a brightness of about 69 (mM ¥ cm)Ð1). fTime for bleaching from an initial emission rate of 1,000 photons/s 
down to 500 photons/s (t1/2; for comparison, fluorescein at pH 8.4 has t1/2 of 5.2 s); data are not indicative of photostability under focused laser illumination. gBrightest in spectral class. hNot recommended 
(dim with poor folding at 37 ¡C). iCitrine YFP with A206K mutation; spectroscopic properties equivalent to Citrine. jCan be made monomeric with A206K mutation. kEmerald 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. lFormerly sold by Clontech, no longer commercially available. 
mECFP with A206K mutation; spectroscopic properties equivalent to ECFP. 
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Oligomerizat ion and toxi ci ty
U n like weakly dim eric AFPs, m o st newly discovered wild- type FPs are 
tightly dim eric o r tetram eric7,9Ð12,14,22. Many o f these wild- type pro -
teins, however, can be engineered in to  m o n o m ers o r tandem  dim ers 
( functio nally m o no m eric tho ugh twice the m o lecular weight) , which 
can  then  undergo  further o ptim izatio n 4,10,12,17. Thus, even  tho ugh 
o ligo m erizatio n  caused substan tial tro uble in  the earlier days o f red 
fluo rescen t pro teins (RFPs) , there are n ow highly o ptim ized m o n o -
m ers o r tan dem  dim ers available in  every spectral class. Altho ugh 
m o st AFPs are in  fact very weak dim ers, they can be m ade truly m o no -
m eric sim ply by in tro ducing the m utatio n  A206K, generally witho ut 
deleterio us effects23. Thus, any o f  the reco m m en ded pro tein s in  
Table 1 sho u ld be capable o f  perfo rm in g well in  any applicatio n  
requiring a m o n o m eric fusio n  tag. Researchers sho uld rem ain  vigil-
ian t o f this issue, however, and always verify the o ligo m erizatio n  sta-
tus o f any new o r Ôim provedÕ FPs that are released. Lack o f visible pre-
cipitates do es n o t ru le o ut o ligo m erizatio n  at the m o lecular level.

It is rare fo r FPs to  have o bvio us toxic effects in  m o st cells in  cu l-
ture, but care sho uld always be taken  to  do  the appro priate co n tro ls 
when  explo rin g new cell lines o r tissues. As so  m any new FPs have 
beco m e available, it is unkn o wn  whether any m ay be substan tially 
m o re toxic to  cells than  AFPs. In  o ur hands, tetram eric pro teins can  
be so m ewhat toxic to  bacteria, especially if  they display a substan -
tial am o un t o f aggregatio n , but m o n o m eric pro teins are generally 
no n toxic. It seem s difficult o r im po ssible to  generate transgenic m ice 
widely expressing tetram eric RFPs, whereas several gro ups have suc-
cessfu lly o btained m ice expressing m o n o m eric RFPs24,25.

Environmental sensi t ivi ty
When im ages m ust be quantitatively in terpreted, it is critical that the 
fluo rescence in tensity o f the pro tein  used n o t be sensitive to  facto rs 
o ther than  tho se bein g studied. Early YFP varian ts were relatively 
chlo ride sensitive, a pro blem  that has been  so lved in  the Citrine and 
Venus (and likely YPet)  varian ts1,2,16. Mo st FPs also  have so m e acid 
sensitivity. Fo r general im aging experim en ts, all FPs listed in  Table 
1 have su fficien t acid resistan ce to  perfo rm  reliably. Mo re acid-
sen sit ive FPs, ho wever, m ay give po o r resu lts when  targeted to  
acidic co m partm en ts such as the lum en  o f lyso so m es o r secreto ry 

granules, an d m ay co n fo un d quan titative im age in terpretatio n  if  a 
given stim ulus o r co nditio n  leads to  altered in tracellular pH . Because 
o f this, o ne sho uld avo id using m Orange4, GFPs o r YFPs fo r experi-
m en ts in  which acid quenching co uld pro duce artifacts. Co nversely, 
the pH  sensitivity o f these pro teins can  be very valuable to  m o n ito r 
o rganellar lum inal pH  o r exo cyto sis26,27.

Mult iple label ing
One o f the m o st attractive pro spects presen ted by the recen t devel-
o pm en t o f  such a wide variety o f  m o n o m eric FPs is fo r m u lt iple 
labeling o f fusio n  pro teins in  single cells. Altho ugh linear un m ixing 
system s pro m ise the ability to  distinguish between large num bers o f 
differen t fluo ro pho res with partially o verlapping spectra28, it is po s-
sible even with a sim pler o ptical setup to  clearly distinguish between 
three o r fo u r differen t FPs. U sin g the filter sets reco m m en ded in  
Table 2, o ne m ay im age cyan , yello w, o range an d red ( Ceru lean  o r 
CyPet, any YFP, m Oran ge o r m KO an d m Cherry)  sim u ltan eo usly 
with m in im al cro sstalk. To  pro duce even  clean er spectral separa-
tio n , o ne co uld im age cyan , o range and far- red (Cerulean  o r CyPet, 
m Orange o r m KO, and m Plum ) 2,4,5,10.

Addi t ional concerns for complex experiments
Fo r m o re co m plex im agin g experim en ts, additio nal facto rs co m e 
in to  play when  cho o sin g the best  gen et ically en co ded flu o res-
cen t pro be, m any o f  which are beyo n d the sco pe o f  this perspec-
tive. Fo r FRET applicatio n s, the cho ice o f  appro priate do n o r an d 
accepto r FPs m ay be crit ical, an d seem in gly sm all facto rs ( such as 
linker length and co m po sitio n  fo r in tram o lecular FRET co nstructs)  
m ay have a substan tial ro le. The recen t develo pm en t o f the FRET-
o ptim ized cyan - yello w pair CyPet and YPet ho lds great pro m ise fo r 
the im pro vem en t o f FRET sensitivity2, and it is the curren t favo rite 
as a startin g po in t fo r n ew FRET sen so rs bu t has yet to  be pro ven  
in  a wide variety o f  co n structs. Fo r experim en ts requ irin g pho to -
activatable o r pho to co nvertible tags, several o ptio n s are available, 
including pho to activatable GFP ( PA- GFP) 15 an d m o n o m eric RFP 
(PA- m RFP) 13, reversibly pho to switchable D ro npa29, the tetram eric 
kin dlin g fluo rescen t pro tein  ( KFP) 9, an d the green - to - red pho to -
co nvertible pro teins KikGR14 and Eo sFP12 ( the latter is available as 
a bright tandem  dim er)  and cyan- to -green pho to co nvertible m o n o -
m er PS-CFP8. A m o re detailed ( but pro bably n o t exhaustive)  list o f 
o ptio n s fo r these m o re advan ced applicatio n s o f  FPs are listed in  
Su pplemen tary Table 3 o n line. In  additio n , a recen t review is avail-
able detailing the po ten tial applicatio ns o f pho to activatable FPs30.

Future developments
Altho ugh the presen t set o f  FPs has given  researchers an  u n pre-
ceden ted variety o f high- perfo rm ance o ptio ns, there are still m any 
areas that co uld stand im pro vem ent. In  the future, m o n o m eric pro -
teins with greater brightness an d pho to stability will allo w fo r even  
m o re in tensive im aging experim en ts, efficien tly fo lding m o n o m eric 
pho to co nvertible pro teins will im pro ve o ur ability to  perfo rm  pho -
to labeling o f fusio n  pro teins, FRET pairs engineered to  be o rtho go -
nal to  the curren tly used CFP- YFP pairs will allow im aging o f several 
bio chem ical activities in  the sam e cell, and the lo ng-wavelength end 
o f the FP spectrum  will co n tinue to  expand, allo wing fo r m o re sen -
sit ive an d efficien t im agin g in  thick t issue an d who le an im als. By 
applying the principles put fo rth here, researchers m ay evaluate each 
new develo pm ent in  the field o f FPs and m ake an in fo rm ed decisio n  
as to  whether it fits their needs.

Table 2 | Recommended filter sets 
Fluorescent protein Excitationa Emissiona

Multiple labeling Cerulean or CyPet 425/20 480/40

mCitrine 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

Cerulean or CyPet 425/20 505/80

Emerald 470/20 530/60

mCitrine or YPet 490/30 550/50

mOrange or mKO 525/20 595/80

tdTomato 535/20 615/100

mStrawberry 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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Note: Supplementary information is available on the Nature Methods website.

ACKNOWLEDGMENTS
Thanks to S. Adams for helpful advice on choosing filter sets. N.C.S. is a Howard 
Hughes Medical Institute Predoctoral Fellow. This work was additionally supported 
by US National Institutes of Health (NS27177 and GM72033) and Howard Hughes 
Medical Institutes.

COMPETI NG I NTERESTS STATEMENT
The authors declare competing financial interests (see Nature Methods website for 
details).

Published onl ine at  ht tp: / /www.nature.com/naturemethods/
Reprints and permissions informat ion is avai lable onl ine at  
ht tp: / /npg.nature.com/reprintsandpermissions/

1. Nagai, T. et al. A variant of yellow fluorescent protein with fast and efficient 
maturation for cell-biological applications. Nat. Biotechnol. 20, 87Ð90 
(2002).

2. Nguyen, A.W. & Daugherty, P.S. Evolutionary optimization of fluorescent 
proteins for intracellular FRET. Nat. Biotechnol. 23, 355Ð360 (2005).

3. Rizzo, M.A., Springer, G.H., Granada, B. & Piston, D.W. An improved cyan 
fluorescent protein variant useful for FRET. Nat. Biotechnol. 22, 445Ð449 
(2004).

4. Shaner, N.C. et al. Improved monomeric red, orange and yellow fluorescent 
proteins derived from Discosoma sp. red fluorescent protein. Nat. 
Biotechnol. 22, 1567Ð1572 (2004).

5. Wang, L., Jackson, W.C., Steinbach, P.A. & Tsien, R.Y. Evolution of new 
nonantibody proteins via iterative somatic hypermutation. Proc. Natl, Acad. 
Sci. USA 101, 16745Ð16749 (2004).

6. Zapata-Hommer, O. & Griesbeck, O. Efficiently folding and circularly permuted 
variants of the Sapphire mutant of GFP. BMC Biotechnol. 3, 5 (2003).

7. Ando, R., Hama, H., Yamamoto-Hino, M., Mizuno, H. & Miyawaki, A. An 
optical marker based on the UV-induced green-to-red photoconversion of a 
fluorescent protein. Proc. Natl. Acad. Sci. USA 99, 12651Ð12656 (2002).

8. Chudakov, D.M. et al. Photoswitchable cyan fluorescent protein for protein 
tracking. Nat. Biotechnol. 22, 1435Ð1439 (2004).

9. Chudakov, D.M. et al. Kindling fluorescent proteins for precise in vivo 
photolabeling. Nat. Biotechnol. 21, 191Ð194 (2003).

10. Karasawa, S., Araki, T., Nagai, T., Mizuno, H. & Miyawaki, A. Cyan-emitting 
and orange-emitting fluorescent proteins as a donor/acceptor pair for 
fluorescence resonance energy transfer. Biochem. J. 381, 307Ð312 (2004).

11. Matz, M.V. et al. Fluorescent proteins from nonbioluminescent Anthozoa 
species. Nat. Biotechnol. 17, 969Ð973 (1999).

12. Wiedenmann, J. et al. EosFP, a fluorescent marker protein with UV-inducible 
green-to-red fluorescence conversion. Proc. Natl. Acad. Sci. USA 101, 
15905Ð15910 (2004).

13. Verkhusha, V.V. & Sorkin, A. Conversion of the monomeric red fluorescent 
protein into a photoactivatable probe. Chem. Biol. 12, 279Ð285 (2005).

14. Tsutsui, H., Karasawa, S., Shimizu, H., Nukina, N. & Miyawaki, A. Semi-

rational engineering of a coral fluorescent protein into an efficient 
highlighter. EMBO Rep. 6, 233Ð238 (2005).

15. Patterson, G.H. & Lippincott-Schwartz, J. Selective photolabeling of 
proteins using photoactivatable GFP. Methods 32, 445Ð450 (2004).

16. Griesbeck, O., Baird, G.S., Campbell, R.E., Zacharias, D.A. & Tsien, R.Y. 
Reducing the environmental sensitivity of yellow fluorescent protein. 
Mechanism and applications. J. Biol. Chem. 276, 29188Ð29194 (2001).

17. Zhang, J., Campbell, R.E., Ting, A.Y. & Tsien, R.Y. Creating new fluorescent 
probes for cell biology. Nat. Rev. Mol. Cell Biol. 3, 906Ð918 (2002).

18. Tsien, R.Y. The green fluorescent protein. Annu. Rev. Biochem. 67, 509Ð
544 (1998).

19. Gross, L.A., Baird, G.S., Hoffman, R.C., Baldridge, K.K. & Tsien, R.Y. The 
structure of the chromophore within DsRed, a red fluorescent protein from 
coral. Proc. Natl. Acad. Sci. USA 97, 11990Ð11995 (2000).

20. Hansen, M.C., Palmer, R.J., Jr, Udsen, C., White, D.C. & Molin, S. 
Assessment of GFP fluorescence in cells of Streptococcus gordonii under 
conditions of low pH and low oxygen concentration. Microbiology 147, 
1383Ð1391 (2001).

21. Zhang, C., Xing, X.H. & Lou, K. Rapid detection of a gfp-marked 
Enterobacter aerogenes under anaerobic conditions by aerobic fluorescence 
recovery. FEMS Microbiol. Lett. 249, 211Ð218 (2005).

22. Verkhusha, V.V. & Lukyanov, K.A. The molecular properties and 
applications of Anthozoa fluorescent proteins and chromoproteins. Nat. 
Biotechnol. 22, 289Ð296 (2004).

23. Zacharias, D.A., Violin, J.D., Newton, A.C. & Tsien, R.Y. Partit ioning of 
lipid-modified monomeric GFPs into membrane microdomains of live cells. 
Science 296, 913Ð916 (2002).

24. Long, J.Z., Lackan, C.S. & Hadjantonakis, A.K. Genetic and spectrally 
distinct in vivo imaging: embryonic stem cells and mice with widespread 
expression of a monomeric red fluorescent protein. BMC Biotechnol. 5, 20 
(2005).

25. Zhu, H. et al. Ubiquitous expression of mRFP1 in transgenic mice. Genesis 
42, 86Ð90 (2005).

26. Miesenbock, G., De Angelis, D.A. & Rothman, J.E. Visualizing secretion 
and synaptic transmission with pH-sensitive green fluorescent proteins. 
Nature 394, 192Ð195 (1998).

27. Matsuyama, S., Llopis, J., Deveraux, Q.L., Tsien, R.Y. & Reed, J.C. Changes 
in intramitochondrial and cytosolic pH: early events that modulate 
caspase activation during apoptosis. Nat. Cell Biol. 2, 318Ð325 (2000).

28. Hiraoka, Y., Shimi, T. & Haraguchi, T. Multispectral imaging fluorescence 
microscopy for living cells. Cell Struct. Funct. 27, 367Ð374 (2002).

29. Habuchi, S. et al. Reversible single-molecule photoswitching in the GFP-
like fluorescent protein Dronpa. Proc. Natl. Acad. Sci. USA 102, 9511Ð9516 
(2005).

30. Lukyanov, K.A., Chudakov, D.M., Lukyanov, S. & Verkhusha, V.V. 
Innovation: Photoactivatable fluorescent proteins. Nat. Rev. Mol. Cell Biol. 
(2005); advance online publication, 15 September 2005 (doi:10.1038/
nrm1741).

31. Shkrob, M.A. et al. Far-red fluorescent proteins evolved from a blue 
chromoprotein from Act inia equina. Biochem. J. (2005); advance online 
publication, 15 September 2005 (doi: 10.1042/BJ20051314). 

NATURE METHODS | VOL.2 NO.12 | DECEMBER 2005 | 909

PERSPECTIVE
©

20
05

 N
at

ur
e

 P
u

b
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
e

m
et

ho
ds



0

100

200

300

400

500

600

700

800

900

1000

0 500 1000 1500

Time (sec)

In
te

ns
ity

 (
ph

ot
on

s/
se

c/
m

ol
ec

ul
e)

A

0

100

200

300

400

500

600

700

800

900

1000

0 10 20 30 40 50 60 70 80 90 100

Time (sec)

In
te

ns
ity

 (
ph

ot
on

s/
se

c/
m

ol
ec

ul
e)

B

(A) mCherry photobleaching curve, showing nearly single exponential behavior
(B) Emerald photobleaching curve, showing pronounced fast initial component
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W av elen g t h  Class Pr o t e in Sou r ce Lab Or g an ism
Ex  

( n m )
Em  

( n m )

Ex t in ct ion  
coef f i cien t  p er  

ch a in , M- 1cm - 1

Flu o r escen ce 
q u an t u m  

y ie ld

Br ig h t n ess 
( EC* QY)  

( m M* cm ) ^ - 1

Br ig h t n ess o f  
f u l l y  m at u r e 

p r o t e in  ( %  o f  
f lu o r escein )

t 0 .5  f o r  
b leach , sec

p h o t ost ab i l i t
y  ( f o ld  

im p r ov em en t  
ov er  

f lu o r escein )

p Ka
t 0 .5  f o r  

m at u r at ion  at  
3 7 !C

Ol ig om er izat ion Ref er en ces

Far-red mPlum Tsien Discosom a sp. 590 649 41,000 0.10 4.1 5.9 53 7.3 <4.5 100 min monomer 5

Red mCherry Tsien Discosom a sp. 587 610 72,000 0.22 16 23 96 13.1 <4.5 15 min monomer 4
tdTomato Tsien Discosom a sp. 554 581 138,000 0.69 95 138 98 13.5 4.7 1 hr tandem dimer 4
mStrawberry Tsien Discosom a sp. 574 596 90,000 0.29 26 38 15 2.1 <4.5 50 min monomer 4
J-Red Evrogen Unidentified Anthomedusa 584 610 44,000 0.20 8.8 13 13 1.8 5 ND dim er x
DsRed-Monomer Clontech Discosom a sp. 556 586 35,000 0.10 3.5 5.1 16 2.2 4.5 ND m onom er y

Orange mOrange Tsien Discosom a 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 31 45 122 16.7 5 4.5 hr monomer 10

Yellow mCitrine Tsien Aequorea victor ia 516 529 77,000 0.76 59 85 49 6.7 5.7 ND monomer 16, 23
Venus Miyawaki Aequorea victor ia 515 528 92,200 0.57 53 76 15 2.0 6 ND weak dimer 1
YPet Daugherty Aequorea victor ia 517 530 104,000 0.77 80 116 49 6.7 5.6 ND weak dimer 2
EYFP Invitrogen Aequorea victor ia 514 527 83,400 0.61 51 74 60 8.3 6.9 ND weak dimer 18

Green Emerald Invitrogen Aequorea victor ia 487 509 57,500 0.68 39 57 0.69 0.1 6 ND weak dimer 18
EGFP Clontech* Aequorea victor ia 488 507 56,000 0.60 34 49 174 23.9 6 ND weak dimer y

Cyan CyPet Daugherty Aequorea victor ia 435 477 35,000 0.51 18 26 59 8.1 5 ND weak dimer 2
mCFP Tsien Aequorea victor ia 433 475 32,500 0.40 13 19 64 8.8 4.7 ND monomer 23
Cerulean Piston Aequorea victor ia 433 475 43,000 0.62 27 39 36 5.0 4.7 ND weak dimer 3

UV-excitable green T-Sapphire Griesbeck Aequorea victor ia 399 511 44,000 0.60 26 38 25 3.5 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

Pr o t e in Sou r ce Com m en t s
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
ZsYellow1 Clontech tetrameric

Supplementary Table 1
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GFP variant Mutations relative to wtGFP

EGFP x,* F64L, S65T
Emerald x F64L, S65T, S72A, N149K, M153T, I167T

EYFP x,* S65G, V68L, S72A, T203Y
mYFP x,* S65G, V68L, Q69K, S72A, T203Y, A206K
Citrine x,* S65G, V68L, Q69M, S72A, T203Y
mCitrine x,* S65G, V68L, Q69M, S72A, T203Y, A206K
Venus * F46L, F64L, S65G, V68L, S72A, M153T, V163A, S175G, T203Y
YPet F46L, I47L, F64L, S65G, S72A, M153T, V163A, S175G, T203Y, S208F, V224L, H231E, D234N

ECFP x,* F64L, S65T, Y66W, N149I, M153T, V163A
mCFP x,* F64L, S65T, Y66W, N149I, M153T, V163A, A206K
Cerulean x,* F64L, S65T, Y66W, S72A, Y145A, H148D, N149I, M153T, V163A
CyPet T9G, V11I, D19E, F64L, S65T, Y66W, A87V, N149I, M153T, V163A, I167A, E172T, L194I

EBFP * F64L, S65T, Y66H, Y145F

T-Sapphire Q69M, C70V, S72A, Y145F, V163A, S175G, T203I

x 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 V inserted after Met1 so that the mRNA should contain an ideal translational
start sequence. We number such a V as 1a to preserve wild-type numbering for the rest of the sequence.
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Class Protein Source (Reference) Ex (nm) a Em (nm) b EC c QY d Oligomerization Comments

PA-GFP Lippincott-Schwartz (15) 504 517 17,400 0.79
monomer

(weak dimer)
Photoactivation with
UV illumination

Dronpa MBL Intl. (29) 503 518 95,000 0.85 monomer
Reversible
photoactivation with
UV illumination

PA-mRFP Verkhusha (13) 578 605 10,000 0.08 monomer
Photoactivation with
UV illumination

Photoactivatable

KFP Evrogen (9) 580 600 59,000 0.07 tetramer
Photoactivation with
green light illumination

         

mEosFP Wiedenmann (12) 505/569 516/581 67,200/37,000 0.64/0.62 monomer
Photoconversion from
green to red with UV
illumination

tdEosFP Wiedenmann (12) 505/570 516/582 84,000/33,000 0.66/0.60 tandem dimer
Photoconversion from
green to red with UV
illumination

KikGR MBL Intl. (14) 507/583 517/593 28,200/32,600 0.70/0.65 tetramer
Photoconversion from
green to red with UV
illumination

Photoconvertible

PS-CFP2 Evrogen (8) 400/490 468/511 43,000/47,000 0.2/0.23 monomer
Photoconversion from
cyan to green with UV
illumination

a,b,c,d Before/after photoconversion

Supplementary Table 3



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

In each bleaching experiment on the microscope, we measure the total excitation 
beam power exiting the microscope objective, with the sample replaced by a micro-
integrating sphere attached to an ILC1700 meter (International Light, Newburyport MA), 
giving a detector current I in amperes. The manufacturer provides a NIST-traceable 
absolute calibration of this photodetector, M(�), in ampere/watt at 1 nm intervals. We know 
the relative output of a xenon lamp, L(�), in photons per 1 nm bandwidth, and we have 
separately measured the transmission of each excitation filter F(�) and dichroic mirror D(�). 
The energy of each photon of wavelength � is hc/� � J(�). The number of photons per nm at 
wavelength � is given by EL(�)F(�)D(�), where the overall amplitude factor E is determined 
by the equation: 
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The rate of excitation X of each fluorophore is the integral of the respective contributions 
from photons of each wavelength interval. Each wavelength interval contributes 
EL(�)F(�)D(�)�(�)/A, where �(�) is the optical cross-section per molecule, and A is the area of 
illumination. �(�) is proportional to the extinction coefficient �(�) as follows: �(�) = (1000 
cm3/liter)(ln 10)�(�)/(6.023 x 1023/mole) = (3.82 x 10-21 cm3áM)á�(�). Thus: 
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The initial rate of emission before any bleaching has occurred is simply XQ, where Q is the 
fluorescence quantum yield. Meanwhile the camera measures the relative intensity from the 
microscopic droplet as a function of time, from which the time traw to drop to 50% of the 
initial intensity can be readily measured by interpolation. We assume that reciprocity holds 
for XQ within an order of magnitude of 1000 photons/s, i.e. that bleaching time is inversely 
proportional to X. This reciprocity assumption has been verified for a few of the fluorescent 
proteins in Table 1, but is expected to break down when X is orders of magnitude greater 
than 1000 photons/s, i.e. under focused laser illumination. Assuming reciprocity: 
 
t(to bleach 50% starting from 1000 photons/s) = traw[XQ/(1000 photons/s)] 
 

We must admit that our numerical estimates of photobleaching have undergone 
some systematic revisions in successive publications, largely due to progressive recognition 
of the following errors. 1) It is more accurate to perform the above summations over 
wavelengths rather than to assume monochromaticity, i.e. to use just the meter calibration 
and extinction coefficient at the center of the excitation passband. 2) The mineral oil in 
which the microdroplets are suspended must be carefully pre-extracted to remove traces of 
acidic or quenching contaminants. 3) Many fluorescent proteins refuse to bleach with single 
exponentials or quantum yields and cannot be quantified as such. 4) Some fluorescent 
proteins have a very fast phase of partial bleaching that can be missed if one spends too 
much time focusing and setting up the measurement at too high an intensity. 5) Spatially 
nonuniform illumination can mean that the calibrated photodiode and the droplets imaged 
by the camera see different intensities.  

Because of these uncertainties, the relative photostabilities reported within a single 
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. 


