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GFP History
• Gene discovered by Osamu 
Shimomura in 1962 

• Cloned by Douglas Prasher in 1992 

• Heterologous expression of 
recombinant GFP in E. coli and C. 
elegans by MarMn Chalfie in 1994 

– DemonstraMon that GFP forms spontaneously, not 
requiring addiMonal enzymes or co‐factors

– Powerful tool: geneMcally encoded fluorescent 
marker Aequoria victoria



GFP structure
• 27 kD protein; 238 residues
• 11‐stranded beta‐barrel wrapped around central helix 
• TripepMde‐derived chromophore is shielded from bulk solvent in well‐packed 
protein interior

Ormo et al., Science, (1996)



GFP chromophore

from Nienhaus and Wiedenmann, ChemPhysChem (2009)

• TripepMde sequence  
– Ser‐Tyr‐Gly
– Only Gly is essenMal for 

chromophore formaMon

• Mechanism
– main‐chain cyclizaMon, followed by 

oxidaMon‐dehydraMon steps
– autocatalyMc:  NO external 

cofactors (except O2)

• MaturaMon
– t0.5 approx. 20‐80 minutes



Pioneering work by 
Roger Tsien in 
mid‐1990’s:
‐ chromophore mutaMons: 
large shias in absorbance/
emission spectra

‐ mutaMons in surrounding 
region: more modest shias  

adapted from Shaner et al., J. Cell Sci. (2007)

Early GFP derivatives

Despite these 
engineering successes, 
no ORANGE or RED 
variants of GFP!



Anthozoan FPs

Discosoma sp.

• First discovery of FPs from non‐
bioluminescent organisms 

‐ Matz et al., Nature Biotechnol. (1999)

‐ series of FPs with novel properMes, 
including green, yellow, orange and 
red emission

• DsRed (ex/em = 559/584 nm).  Long‐
wavelength provides advantages:

‐ light is scahered less and causes less 
toxicity in Mssues and cells than 
wavelengths used to excite GFP

‐ improved signal:noise due to less 
cellular autofluorescence

‐ dual‐color experiments with GFP

• Explosion of FPs discovered over the last 
decade provide a rich source of starMng 
material for engineering...



Schnitzler et al., Marine Biotech., (2008)

Natural FP diversity

Six FPs:  Green, yellow, orange and red emission

Corynactis californica 
(in collaboration with Steve Haddock, MBARI)



DsRed structure

•225 amino‐acids
•23% idenMcal to A. victoria GFP
•Similar fold
•Tetrameric structure

Wall et al., Nature Structural Biology (2000) 



DsRed 
chromophore

• TripepMde sequence  
– Gln‐Tyr‐Gly

• Mechanism
– derived from GFP‐like chromophore
– addiMonal oxidaMon resulMng in 

formaMon of acylimine at posiMon 66
– extension of pi‐orbital conjugaMon 

results in red‐shiaed emission

• MaturaMon 
– t0.5 approx. 12 hours!



Incomplete 
maturation

• Mixture of green (trans/sp3) 
and red (cis/sp2) chromophore

• Observed pure RED emission is 
due to intra‐tetramer FRET

10
Tubbs et al., Biochemistry (2005)



Limitations

• Anthozoan FPs (esp. reds) generally suffer from a 
number of serious limitaMons:
– slow matura8on rate 

– incomplete matura8on (green & red chromophores)

– tetrameriza8on
– tendency to aggregate at high concentra8ons

– cytotoxicity

• Focus on recent advances in protein engineering that 
have led to new and improved FP variants (emphasis 
on reds)...
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Library of DNA 
sequences

Directed 
evoluFon

Proteins 
linked to 
their DNA

Desired 
variants

expression

screening or selecMon

amplificaMon 
and/or mutagenesis



Sequence and function space
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• Sequence space is vast: 
‐ 20225 sequence variants in a 225‐residue protein! 

• But func8onal sequence space is Mny:
“…the overall prevalence of sequences performing a specific funcMon by any 
domain‐sized fold may be as low as 1 in 1077, adding to the body of evidence that 
funcMonal folds require highly extraordinary sequences.”  –D. Axe, J. Mol. Biol. 
(2004)

• State‐of‐the‐art assay formats allow funcMonal characterizaMon 
of ~1012 variants.

• GOAL is to focus the search of sequence space in regions of 
funcMonal interest...



Library construction methods

1. Random mutagenesis

2. Targeted mutagenesis

3. RecombinaMon‐based mutagenesis

These approaches differ mainly in the type, 
loca)on and number of changes that can be 
introduced into a library

14



Random mutagenesis

• Error‐prone PCR to introduce a few mutaMons per gene (on 
average)

• Requires no prior structural or mechanisMc informaMon

• Number of mutaMons (load) must be kept low
• Most random muta8ons are neutral or deleterious to protein func8on

• Beneficial combina8ons of muta8ons are difficult to uncover

• Types of mutaMons are restricted
• Single nucleo8de changes to a codon typically access ~6/19 possible amino‐
acid subs8tu8ons

• RelaMvely unbiased locaFon of mutaMons

15



Targeted mutagenesis

• Structural and/or 
biochemical informaMon 
used to select a subset of 
posiMons for mutaMon
– e.g., focus sequence search on 

residues surrounding chromophore

• No restricMon on the types of 
mutaMons (all 20 amino‐acids 
may be encoded at any 
posiMon) 

16



Considerations
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• Number of variable posiMons evaluated is 
restricted:
Simultaneous muta8on of 4 residues = 204‐1 = library of 105 variants
Independent muta8on of 4 residues = 4 x 19 = library of 76 variants.

• LocaFon of mutaMons are user‐biased:
‐The effect of muta8ons distant from a func8onal site are even 

more difficult to predict a priori, but they are oYen important!
‐e.g., Kazaluskas and coworkers (Chem. Biol. 2005) compared 

random vs. targeted mutagenesis to enhance esterase 
enan8oselec8vity. Beneficial muta8ons found in and distant from 
the ac8ve site.  Caveat emptor...



Recombination-based library construction

• Sequence diversity obtained by 
recombinaMon of homologous genes

• Requires no prior structural or 
mechanisMc informaMon

• Example:  DNA shuffling
– Stemmer, PNAS (1994)
– Many variaMons exist

18



DNA shuffling
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5’-…GTCATCGATCGAGCTAGCTAGGATAGGCTAACGCGAA…-3’ 

3’-…CAGTAGCTAGCTCGATCGATCCTATCCGATTGCGCTT…-5’ 

5’-…TTCGTCCATTGAGCTAGCTAGGATATCCTGACGCGAG…-3’ 

3’-…AAGCAGGTAACTCGATCGATCCTATAGGACTGCGCTC…-5’ 

!"#$%$&$'$()"'*+*)",-./0"#*1*2"

34'*)5"4+5$"-6/7!//"89":1;'%*+5)"

5’-…GTCATCGATCGAGCTAGCTAGGAT-3’ 

            3’-TCGATCGATCCTATAGGACTGCGCTC…-5’ 

5’-…GTCATCGATCGAGCTAGCTAGGATATCCTGACGCGAG…-3’ 

3’-…CAGTAGCTAGCTCGATCGATCCTATAGGACTGCGCTC…-5’ 

<=14%*1&*))>"*?5*+)4$+";5"@1$))$A*1"9$4+5)"

B(&&7&*+'5#"@#4%*14@"'*+*)"



Considerations
• Type of diversity is “funcMonal”

– pre‐selected by natural evoluMonary pressures

• Number of subsMtuMons tolerated is quite high 
relaMve to other methods

– subsMtuMons are compaMble with protein structure and funcMon
– ExploraMon of beneficial combinaMons of subsMtuMons

• LocaFon of subsMtuMons: distributed throughout 
protein structure

– difficult‐to‐predict beneficial mutaMons may be discovered (e.g., 
long‐range, non‐acMve site subsMtuMons)

20



General design considerations: FPs

• Internal vs. external mutaMons:
– to a first approximaMon, we find it useful to disMnguish between external 
mutaMons which affect surface properMes (solubility, oligomerizaMon state etc.) 
and internal mutaMons which modulate chromophore properMes

• Chromophore mutaMons:  potenMal for large spectral 
shias.  

– e.g., Ser‐His‐Gly in BFP vs. Ser‐Tyr‐Gly in EGFP (60 nm shia in emission)

• Surrounding mutaMons can lead to large shias:  
– Typically up to 40 nm shias in emission

– BUT someMmes quite large:  e.g., Met‐Tyr‐Gly sequence is able to form 
chromophore spanning 175 nm emission range! 

– AmCyan1 (Clonetech; 486 nm) vs. AQ14 (Shkrob et al., 2005; 663 nm) 
21
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family of related 
FP genes

library of chimeric 
FP genes

idenMfy interesMng 
spectral variants

Multi-gene DNA shuffling & directed evolution 

fragment and reassemble

FACS‐based screen



Shuffled variants with 
distinct phenotypes
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PURPLE 
(400 nm) 

excitation



Shuffled variants with 
distinct phenotypes

24

BLUE 
(488 nm) 

excitation



Faster maturation
• Directed evoluMon 
strategy:
– 6 rounds of error‐prone 
PCR; E.coli expression

– visual screen for rapid 
acquisiMon of red emission 
(4,000‐100,000 variants 
screened per round)

• Result:  DsRed.T4 (“DsRed‐
Express”) 15‐fold faster 
maturaMon

• Key mutaMon:  N42Q, 
adjacent to  chromophore

25
Bevis & Glick, Nat. Biotechnol. (2002)

WT 

T4 

M1 



Reducing cytotoxicity in DsRed for 
whole cell labeling

EGFP Is a Nearly Ideal Long-term Expression Tracer for 
Hematopoietic Stem Cells while DsRed-Express 
Fluorescent Protein Is Not 

– Tao et al., Stem Cells, 2006

• Hypothesis: DsRed aggregaMon leads to cytotoxicity

• GOAL: eliminate “sMcky” patches on surface to decrease higher order 
aggregaMon and minimize cytotoxicity

• Start with DsRed‐Express:  

– bright

– very photostable

– fast maturaMon

– least cytotoxic of red FPs tested
26



• Mutagenesis:
– targeted:  analysis of tetrameric xtal structures to 
idenMfy patches that are consistently involved in 
crystal packing interacMons

– random

27



Decreased aggregation

• Two‐Mered assay: 
1. visual screen for fluorescent colonies

2. bacterial lysis assay 

• Screened >30,000 variants

• DsRed‐Express2 contains 16 
mutaMons relaMve to DsRed‐
Express

• Minimal cytotoxicity in bacterial 
and mammalian systems

28



Reduced cytotoxicity 
in murine HSC
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Engineering monomeric DsRed
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•Tetrameric FPs are useful as 
whole‐cell labels, but NOT as 
fusions with target proteins

•GOAL: generate true 
monomers that retain 
favorable properMes of DsRed

•WT DsRed possesses two large 
tetrameric interfaces

“polar”, 1,300 Å2 BSA
“hydrophobic”, 1,000 Å2 BSA



• Two‐stage strategy:
– starMng point:  DsRed‐Express

– targeted mutagenesis based on x‐
ray structure 

– random mutagenesis to restore 
brightness

• Screening strategy:  E. coli 
expression; visual screening; 
pseudo‐naMve SDS/PAGE

• RESULT:  monomeric by analyMcal 
ultra and x‐ray crystallography

• First accomplished by Campbell et 
al., PNAS (2002) with mRFP1

– 33 mutaMons

• Followed by DsRed‐monomer 
(Clonetech) 

– 45 mutaMons

31

WT DsRed DsRed‐monomer (45 mutaMons)

Crystal packing
comparison:

Strongin et al., Prot. Eng. Des. & Sel., (2007)



A palette of monomeric FPs
• GOAL: generate series of monomeric FPs with range of emission maxima, 

improved brightness and photostability.
• Derived from mRFP1

• Mutagenesis:  targeted (residues within and surrounding chromophore) 
and random

• Screening:  E. coli expression; visual and FACS‐based assays

• RESULT:  

• Modest improvements in brightness and photostability for RED proteins

• Rare orange FP ‐‐ mOrange (562 nm emission)

32
Shaner et al., Nat. Biotech. (2004)



Orange chromophores
•Novel five‐membered 
oxazole ring

• first observed in mOrange

33

mOrange:     Thr‐Tyr‐Gly
mKO:             Cys‐Tyr‐Gly
ccaOFP1:      Thr‐Tyr‐Gly

Shu et al., Biochemistry (2006)

blue‐shia due to eliminaMon of 
conjugaMon between mainchain carbonyl 
of residue 65 and the chromophore



iterative somatic hypermutation
• GOAL:  develop system for  in situ directed evoluMon of 
target genes. 
– faster than in vitro methods:  minimal human intervenMon during each 

iteraMon

– exploraMon of larger sequence spaces

• Novel strategy:  
– directed evoluMon by somaMc hypermutaMon (SHM) 

– Human B lymphocytes can specifically mutate Ig‐genes at a rate of ~1 x 
10‐3 mutaMons/bp/generaMon (~106x higher than rest of genome)

– integrate single‐copy of target gene into Burkih lymphoma Ramos B cells 
(a consMtuMvely hypermutaMng line) ‐‐> screen for improved variants... 

– Note: integraMon at Ig‐locus results in higher mutaMon rates, but SHM 
can apparently occur at other loci within the genome

34Wang et al., PNAS (2004)



A far-red FP
• Far‐red FPs useful for opMcal 
imaging in thick Mssues and animals

• StarMng gene:  mRFP (em = 612 nm)

• Aaer 23 rounds of SHM and FACS 
(for long‐wavelength emission), 
mPlum:

– 7 subsMtuMons, em = 649 nm

– Control experiments using tradiMonal 
strategy in E coli gave best em = 632 nm, 
suggesMng that SHM samples larger 
amount of sequence space

35



Current limitations of monomeric FPs

• Lower exMncMon coeff & QY, and faster 
photobleaching than tetrameric RFPs
– Seems to be generally true for monomerized FPs

• Residual aggregaMon at high concentraMons 
means that monomeric RFPs sMll not as robust 
as GFP as fusion partners in vivo...

36



Optical highlighters

37
from Shaner et al., J. Cell Sci. (2007)



Outlook
• Great strides have been made over the past decade, both in 

terms of discovery and engineering.  Dozens of FPs now available 
to researchers...but there is sMll plenty of room for improvement:
– monomeric, bright, non‐aggregaMng, photostable, far‐red emission, non‐toxic

• Other desirable properMes:
– near‐IR fluorescent proteins

– “Switchable” FPs:  reversible photoacMvaMon, photoconversion etc.

• EvoluMon of FPs that possess combinaMons of these desirable 
properMes will require new HT screening strategies that allow 
mulMple parameters to be evaluated in parallel...
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