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FLUORESCENCE
Introduction to Fluorescence
Fluorochromes
Techniques in fluorescence for live
cell imaging



Advantages of fluorescence



1933-2008:	175	years of fluorescence

2008 Nobel prize in chemistry to O.SHIMOMURA, M.
CHALFIE, and R Y TSIEN for the discovery and development of
t h e g r e e n f l u o r e s c e n t p r o t e i n , G F P



Fluorescence applications in	biology



JABLONSKI	DIAGRAMS
Fluorescence is a property of particular compounds to
emit light absorbed at lower frequency as compared with
a b s o r p t i o n f l u o r e s c e n c e

Excitation: 1 photon with energy hvEX excite the electrons
of the fluorochrome that from S0 jump to excited singlet
S1 o S2. The excited state exist for a definite time
(nanoseconds) in which the fluorochrome undergoes into
conformational changes and interact with the molecular
e n v i r o n m e n t .

The excited electron in a high state if vibrational energy
has the tendency rapidly go back to the lower vibrational
energy level of the excited state S1=0 dissipating part of
t he ene rg y i n hea t i n g I n te r na l conve r s i on

Emission. If the excited fluorochrome return to S0 from S1
emitting photons, the process is called fluorescence. Due
to the energy dissipation during the internal conversion,
the emission energy hvEM will be lower as compared
w i t h h v E X , a n d t h e r e f o r e λ E X < λ E M . http://www.olympus-lifescience.com/en/microscope-

resource/pr imer/ java/ jab lonsk i / l ightandco lor/



not all the molecules initially excited by
absorption return to the ground state
(S0) by fluorescence emission. Other
processes such as intersystem crossing,
collisional quenching, fluorescence
resonance energy transfer (FRET) may
a l s o d e p o p u l a t e S 1 .

The fluorescence quantum yield, which
i s the rat io of the number of
fluorescence photons emitted to the
number of photons absorbed, is a
measure of the relative extent to which
t h e s e p r o c e s s e s o c c u r .



Intersystem	crossing:	phosphorescence	and	
delayed	fluorescence

Molecule relaxation to the lowest
triplet state that ultimately results
either in emission of a photon through
phosphorescence or a transition back
to the excited singlet state that yields
d e l a y e d f l u o r e s c e n c e



Collisional	quenching

Fluorescence quenching can be
defined as a bimolecular process that
reduces the fluorescence quantum
y i e l d w i t h ou t c h an g i n g t h e
fluorescence emission spectrum; it
can result from transient excited-
state interact ions (col l i s iona l
quenching) or from formation of non
fluorescent ground-state species.
Self-quenching is the quenching of
one fluorophore by another; it
therefore tends to occur when high
loading concentrations or labeling
d e n s i t i e s a r e u s e d



FRET:	Föster Resonance	Energy	Transfer

FRET is a quantum-mechanical
phenomenon that occurs when two
fluorochromes are in molecular
proximity. It describes an energy transfer
mechanism between two chromophores.

A donor chromophore in its excited state
can transfer energy by a non radiative,
long-range dipole-dipole coupling
mechanism to an acceptor chromophore
in close proximity (typically <10nm). This
energy transfer mechanism is termed
"Förster resonance energy transfer"
(FRET), named after the German scientist
:Theodor Förster.

http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-
Handbook/Technical-Notes-and-Product-Highlights/Fluorescence-Resonance-Energy-
T r a n s f e r - F R E T . h t m l



FRET is well-suited to the study of protein protein interactions, which occur on a similar
spatial scale.

FRET:	Föster Resonance	Energy	Transfer



Photobleaching

Photobleaching is the photochemical
destruction of a fluorophore.

Photobleaching occurs when a
fluorophore permanently loses its
ability to fluoresce due to photon-
induced chemical damage and covalent
modification.



Properties	of	the	fluorescence	spectra

ì For	polyatomic	molecules,	single	electron	transition	are	represented	by	
energy	spectra	called	excitation and	emission	SPECTRA



Properties	of	the	fluorescence	spectra

1. Stokes shift: Fluorescence emission occurs at longer wavelengths than
absorption.

ì Due to energy losses during the excitation emission that lead to:

ì EEM<EAB
ì Losses mainly due to internal conversion before and after emission; other

factors contribute.

ì Stoke shift is expressed as the wavelength difference between the maxima of
S0-->S1 and S1—>S0 transitions



2. Kasha’s rule: Emission spectra and
l max are independent of excitation
wavelength.

On the other end, the intensity of
fluorescence emission depends from
l exc

Due to emission occurring solely from
the lowest vibrational level of S1

Due to rapid internal conversion from
higher electronic and vibrational
states (completed much before
emission)



Fluorochromes

Organics	e	inorganics	Fluorochromes	
Protein-based	fluorochromes



Semiconductors	nanocrystals:	QDOTS

Nanocrystals composed of a core of a
semiconductor material (CdSe), enclosed
within a shell of another semiconductor
(ZnS) that has a larger spectral band gap.

Typical	diameter:	2-10	nm

•Size	tunable	emission	=	predictable	
relationship	between	the	size	of	QD	and	its	
emission	wavelength

•Strong	light	absorbance

•Bright	fluorescence

•Narrow	symmetric	emission	bands

•High	photostability

•Excellent	stability	of	optical	properties	
upon	conjugation	to	biomaterials











Organic and	protein	based	Fluorochromes









The primary advantages of fluorescent protein-based indicators over simple organic
dyes are that they can be designed to respond to a much greater variety of
biological events and signals, targeted to subcellular compartments, introduced
into a wider variety of tissues and intact organisms, and they very rarely cause
photodynamic toxicity.

Protein-based	indicators



Aequorin and	GFP from	Aequoria Victoria	



Aequorin	activation	and	GFP	excitation	



GFP	sequence	and	structure

MSKGEELFTGVVPVLVELDGDVNGQKFSV
SGEGEGDATYGKLTLNFICT
TGKLPVPWPTLVTTFSYGVQCFSRYPDHM
KQHDFFKSAMPEGYVQERTI
FYKDDGNYKTRAEVKFEGDTLVNRIELKGI
DFKEDGNILGHKMEYNYNS
HNVYIMGDKPKNGIKVNFKIRHNIKDGSV
QLADHYQQNTPIGDGPVLLP
DNHYLSTQSALSKDPNEKRDHMILLEFVTA
ARITHGMDELYK





•If enough protein with attached GFP is made, it should
be easy to detect and to trace it as it moved through
the cell, because irradiating the cell with ultra violet
light would cause the GFP attached to the protein to
fluoresce.

ADVANTAGES	OF GFP AS	TRACER	AND	REPORTER		
MOLECULE



• GFP is a fairly small protein. This is important because
a small protein attached to the protein of interest is less
likely to hinder its proper function. Its small size would
also allow it to follow the fused protein, especially in
organelles like neurons, whereas the diffusion of large
proteins would be difficult.

ADVANTAGES	OF GFP AS	TRACER	AND	REPORTER		
MOLECULE



• Once GFP is made in the jellyfish, it is fluorescent. Most
other bioluminescent molecules require the addition of
other substances before they glow. For example, aequorin
will glow only if calcium ions and coelenterazine have been
added, and firefly luciferase requires ATP, magnesium, and
luciferin before it luminesces. This would make GFP a much
more versatile tracer than either aequorin or firefly
luciferase, which were being used as tracers.

ADVANTAGES	OF GFP AS	TRACER	AND	REPORTER		
MOLECULE



GFP-derived proteins

…..Unfortunately,	the	GFP	fluorescence	signals	were	very	weak	and	highly	variable	
from	cell	to	cell.	This	confirmed	that	wild-type	GFP	was	too	unreliable……

Nobel lecture: constructing and exploiting the fluorescent protein
paintboxw

Roger Y. Tsien
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First published as an Advance Article on the web 22nd February 2010

DOI: 10.1039/b926500g

A written version of Professor Roger Tsien’s Nobel Lecture.

Motivation

My first exposure to visibly fluorescent proteins (FPs) was
near the end of my time as a faculty member at the University
of California, Berkeley. Prof. Alexander Glazer, a friend and
colleague there, was the world’s expert on phycobiliproteins,
the brilliantly colored and intensely fluorescent proteins that
serve as light-harvesting antennae for the photosynthetic
apparatus of blue-green algae or cyanobacteria. One day,
probably around 1987–88, Glazer told me that his lab had
cloned the gene for one of the phycobiliproteins. Furthermore,
he said, the apoprotein produced from this gene became
fluorescent when mixed with its chromophore, a small mole-
cule cofactor that could be extracted from dried cyanobacteria
under conditions that cleaved its bond to the phycobiliprotein.
I remember becoming very excited about the prospect that an
arbitrary protein could be fluorescently tagged in situ by
genetically fusing it to the phycobiliprotein, then administering
the chromophore, which I hoped would be able to cross
membranes and get inside cells. Unfortunately, Glazer’s lab
then found out that the spontaneous reaction between the
apoprotein and the chromophore produced the ‘‘wrong’’
product, whose fluorescence was red-shifted and five-fold
lower than that of the native phycobiliprotein.1–3 An enzyme
from the cyanobacteria was required to insert the chromophore
correctly into the apoprotein. This enzyme was a hetero-
dimer of two gene products, so at least three cyanobacterial
genes would have to be introduced into any other organism,
not counting any gene products needed to synthesize the
chromophore.4

Meanwhile fluorescence imaging of the second messenger
cAMP (cyclic adenosine 30,50-monophosphate) had become
one of my main research goals by 1988. I reasoned that the
best way to create a fluorescent sensor to detect cAMP with
the necessary affinity and selectivity inside cells would be to
hijack a natural cAMP-binding protein. After much con-
sideration of the various candidates known at the time, I
chose cAMP-dependent protein kinase, now more commonly
abbreviated PKA. PKA contains two types of subunits,
regulatory and catalytic. In the absence of cAMP, the regulatory
subunits tightly bind and inhibit the catalytic subunits. When

cAMP becomes available, it binds to the regulatory subunits,
which then let go of the catalytic subunits, which in turn
start transferring phosphate groups from ATP onto selected
proteins.5–7 But how could activation of PKA by cAMP be
made directly visible inside a single living cell? From my
graduate student days I had been fascinated by a biophysical
phenomenon called fluorescence resonance energy transfer
(FRET), in which one excited dye molecule can transfer its
energy to a close neighbor, much as a football or basketball
player can pass the ball to a teammate with diminishing
probability of success the greater the distance between the
players. If we could attach one type of dye molecule to
the regulatory subunits and the other type of dye molecule
to the catalytic subunits, FRET would be possible in intact
PKA, because the subunits are in intimate contact. But once
cAMP had broken up the PKA complex and allowed the
subunits to drift apart, FRET would be disrupted and a
change in fluorescence color should be observable.
But to get these experiments to work, we needed abundant

supplies of PKA subunits and lots of advice on how to handle
them, especially because we had very little experience with
protein biochemistry. I contacted Susan Taylor, who had
become one of the world’s leading experts on PKA and was
producing relatively large quantities of recombinant PKA
subunits in order to solve their crystal structure8,9 (Fig. 1).
The Taylor lab kindly sent shipment after shipment of proteins
on wet or dry ice from UCSD to Berkeley for us to try to label
with dyes, but the dyes either refused to stick, or messed up the
subunits to the point where they would no longer respond
to cAMP. The wish to facilitate this collaboration was an
important part of the reason that my lab moved from Berkeley
to UCSD in 1989. Eventually, after a year of working side by
side, Dr Stephen Adams in my lab and Ying Ji Buechler and
Wolfgang Dostmann in the Taylor lab devised a reproducible
procedure to combine fluorescein-labeled catalytic subunits
with rhodamine-labeled regulatory subunits to produce
FRET-based sensors for cAMP.10,11 Over the next few years,
we used these protein complexes to study several interesting
problems in cAMP signaling.12–14 For example, we collaborated
with Eric Kandel’s lab to demonstrate spatial gradients of cAMP
within individual sea slug (Aplysia californica) neurons under-
going training procedures in a model of synaptic plasticity.15

Although the cAMP sensor was moderately successful, the
general approach would have been very difficult to extend to
other proteins because it required high level expression and
purification of soluble proteins or subunits, controlled

Howard Hughes Medical Institute and Departments of Pharmacology
and Chemistry & Biochemistry, University of California,
San Diego 9500 Gilman Drive, La Jolla, CA 92093-0647, USA
w Reproduced by permission of Professor Roger Tsien, r The Nobel
Foundation 2008.
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GFP-derived proteins

…………….Because the chromophore of GFP was mostly constructed from a
tyrosine at position 66, I asked Heim (the postdoc) to mutate this amino
acid to tryptophan, the other aromatic amino acid most conducive to
absorbance and fluorescence. This alteration practically destroyed the
fluorescence.
After the failure of my naı¨ve rational idea, Heim decided to mutate GFP
randomly.



GFP-derived proteins

To our delight, he soon found a blue-
fluorescing mutant (Fig. 4, upper right
quadrant), which upon sequencing proved
surprisingly to contain a histidine at
position 66. Later we discovered that
tryptophan at 66 gives an even more useful
and bleach-resistant cyan fluorescent
protein (CFP), intermediate between blue
and green, but only if additional mutations
carve out extra room inside the protein to
accommodate the bulky tryptophan (Fig. 4,
lower right quadrant)

jellyfish-specific components were required, which was a great
relief. Heim therefore concentrated his efforts on getting GFP
to work in yeast (S. cerevisiae), partly to avoid wasteful
duplication of Chalfie’s efforts, partly because we were getting
advice and borrowing equipment and reagents from my
nearest neighbor at UCSD, Scott Emr, an eminent molecular/
cell biologist specializing on yeast. With the help of Chalfie’s
advice to amplify only the protein-coding region of Prasher’s
cDNA and thus discard the flanking upstream and down-
stream stretches of DNA, Heim succeeded in making some
yeast cells fluorescent, though there was a huge variation in the
brightness of individual cells in the population. Heim and I
showed Emr the cells under the microscope and asked if he
could suggest any biological question in yeast for which GFP
could help supply the answer. Emr was excited to see Heim’s
results and he indicated GFP may be used to track cargo
protein movements through the secretory pathway of yeast. A
postdoc in the Emr lab made GFP fusion constructs to a
secreted protein and a lysosomal protein in yeast. Unfortunately,
the GFP fluorescence signals were very weak and highly
variable from cell to cell. This confirmed that wild-type GFP
was too unreliable, so Emr’s lab put GFP aside until it could
be sufficiently improved.

My original hope for fluorescent proteins was to fuse a
different color to each of the two types of subunits of PKA, so
we obviously needed a second color. Because the chromophore
of GFP was mostly constructed from a tyrosine at position 66,
I asked Heim to mutate this amino acid to tryptophan, the
other aromatic amino acid most conducive to absorbance and
fluorescence. This alteration practically destroyed the fluores-
cence. After the failure of my naı ¨ ve rational idea, Heim
decided to mutate GFP randomly. To our delight, he soon

found a blue-fluorescing mutant (Fig. 4, upper right quadrant),
which upon sequencing proved surprisingly to contain a
histidine at position 66.20 Later we discovered that tryptophan
at 66 gives an even more useful and bleach-resistant cyan
fluorescent protein (CFP), intermediate between blue and
green, but only if additional mutations carve out extra room
inside the protein to accommodate the bulky tryptophan
(Fig. 4, lower right quadrant). Even histidine at 66 benefits
from its own set of compensatory mutations.21

It still bothered me that we did not understand how the
chromophore (technically, a p-hydroxybenzylideneimidazolidinone)

Fig. 3 Title, abstract, and acknowledgments from the paper describing the cloning of the gene encoding Green Fluorescent Protein and the

structure of GFP’s chromophore.17

Fig. 4 Fluorescence from streaks of bacteria expressing (clockwise

from upper right) improved blue, cyan, green, and yellow fluorescent

proteins. Each streak is labeled with the mutation most responsible for

its spectral alteration.
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GFP-derived proteins

Next goal was for Tsien to create a GFP excited by blue light.

….. However, the original GFP was more strongly excited by UV than by
blue, so that GFP was a very poor acceptor of FRET from BFP.Why did GFP
have two excitation peaks, a big one in the UV and a much smaller one
in the blue?
I hypothesized that the major UV peak was due to the chromophore
structure as guessed by Shimomura and Prasher whereas the minor blue
peak was due to a small fraction of the chromophores undergoing
dehydration of serine 65 to a dehydroalanine.



GFP-derived proteins

…….. Heim then tried replacing serine 65 by threonine. Even though threonine is
the amino acid most closely resembling serine, differing only by a CH2 group, the
unwanted UV peak disappeared completely, the blue peak became 5–6 fold
higher, and it even shifted 10 nm to longer wavelengths (Fig. 6).

disrupted after cleavage of the linker as expected (Fig. 7A).
Fortunately the FPs themselves were quite resistant to
proteases. Other GFP mutants with spectra like S65T and
their use as FRET acceptors from BFP were independently
developed by Youvan’s group.27,28

In a random screen for optimal mutations of residues 55 to
74, Cormack et al.29 confirmed the value of S65T and added
another mutation, F64L, which permits folding at warmer
temperatures. The resulting double mutant, ‘‘enhanced GFP’’,
was aggressively marketed by Clontech, a molecular biology
supply company, and became the basis for most subsequent
applications of GFP, even when these two mutations are not
explicitly acknowledged. Improvements like this helped repay
our early debt to the Emr lab, which has exploited the brighter
GFPs for numerous studies of protein sorting in the yeast
secretory and endocytic pathways.

The above improvements were all made without any three-
dimensional structural information, which clearly would
greatly facilitate further engineering. My group had no
experience with X-ray crystallography, and tentative approaches
to local structural biologists found no takers. GFP had
already been crystallized30 well before the gene was cloned,
and I had heard that several other groups had entered the
competition to solve the structure of the wild-type protein.
When Jim Remington at the University of Oregon e-mailed me
in May 1995 to get an expression vector for GFP, I suggested
that he solve the S65T structure, because that ought to be
publishable even if another group got the wild-type structure
first. Within a few months, Dr Mats Ormö in Remington’s lab
had solved the crystal structure (Fig. 8), using selenomethionine
substitution for phasing. The protein was an almost perfect
cylinder, 2.4 nm in diameter by 4.2 nm long, composed of
eleven beta-strands surrounding a helix running up the central

axis, into which the chromophore was inserted. The chromo-
phore was deeply buried at the center of the protein, explain-
ing how it could be shielded from solvent and rigidified to
make it fluorescent. (Once the protein is denatured, the
exposed chromophore completely loses its fluorescence.) We
could also rationalize why the chromophore had to be formed
spontaneously, because no enzyme could reach through the
completely encapsulating shell formed by the rest of GFP.
Remington noticed a cavity next to the chromophore and
suggested that it could accommodate an aromatic ring in a
p-stacking relationship, which might shift the fluorescence
wavelengths. To introduce this ring, Andrew Cubitt, a new
postdoc in my lab, mutated Thr 203 to various aromatic
amino acids, followed by re-annealing. Indeed, both excitation
and emission maxima increased about 20 nm, producing a
noticeably more yellowish fluorescent protein, hence dubbed
YFP (Fig. 4, upper left quadrant). These shifts made YFP a
good FRET acceptor from CFP. We were glad to have the
CFP/YFP pair to replace our previous BFP/GFP combination,
because BFP was too easy to bleach and required potentially
injurious UV excitation.
We felt this novel crystal structure deserved a high-profile

publication, because it explained so many features of GFP and
enabled immediate rational improvement, so we submitted the
work to Science. However, the referees were not impressed.
One acknowledged that the structure was competently
determined, but was not convinced that GFP was of sufficient
importance or significance. The other reviewer voiced dis-
appointment that our paper failed to answer the really important
question about GFP, namely what is the native biological
function of GFP within the jellyfish. We felt it unreasonable
that a crystal structure should be expected to answer an
ecological question, so I appealed to the Editor, who then

Fig. 6 Excitation and emission spectra of wild-type (WT) GFP and several mutants of Ser 65.25 The inset shows the structure of the wild-type

chromophore.
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GFP-derived proteins

We therefore suggested this mutant,
‘‘S65T’’, as a general improvement on wild-
type GFP (Fig. 4, lower left quadrant).

jellyfish-specific components were required, which was a great
relief. Heim therefore concentrated his efforts on getting GFP
to work in yeast (S. cerevisiae), partly to avoid wasteful
duplication of Chalfie’s efforts, partly because we were getting
advice and borrowing equipment and reagents from my
nearest neighbor at UCSD, Scott Emr, an eminent molecular/
cell biologist specializing on yeast. With the help of Chalfie’s
advice to amplify only the protein-coding region of Prasher’s
cDNA and thus discard the flanking upstream and down-
stream stretches of DNA, Heim succeeded in making some
yeast cells fluorescent, though there was a huge variation in the
brightness of individual cells in the population. Heim and I
showed Emr the cells under the microscope and asked if he
could suggest any biological question in yeast for which GFP
could help supply the answer. Emr was excited to see Heim’s
results and he indicated GFP may be used to track cargo
protein movements through the secretory pathway of yeast. A
postdoc in the Emr lab made GFP fusion constructs to a
secreted protein and a lysosomal protein in yeast. Unfortunately,
the GFP fluorescence signals were very weak and highly
variable from cell to cell. This confirmed that wild-type GFP
was too unreliable, so Emr’s lab put GFP aside until it could
be sufficiently improved.

My original hope for fluorescent proteins was to fuse a
different color to each of the two types of subunits of PKA, so
we obviously needed a second color. Because the chromophore
of GFP was mostly constructed from a tyrosine at position 66,
I asked Heim to mutate this amino acid to tryptophan, the
other aromatic amino acid most conducive to absorbance and
fluorescence. This alteration practically destroyed the fluores-
cence. After the failure of my naı ¨ ve rational idea, Heim
decided to mutate GFP randomly. To our delight, he soon

found a blue-fluorescing mutant (Fig. 4, upper right quadrant),
which upon sequencing proved surprisingly to contain a
histidine at position 66.20 Later we discovered that tryptophan
at 66 gives an even more useful and bleach-resistant cyan
fluorescent protein (CFP), intermediate between blue and
green, but only if additional mutations carve out extra room
inside the protein to accommodate the bulky tryptophan
(Fig. 4, lower right quadrant). Even histidine at 66 benefits
from its own set of compensatory mutations.21

It still bothered me that we did not understand how the
chromophore (technically, a p-hydroxybenzylideneimidazolidinone)

Fig. 3 Title, abstract, and acknowledgments from the paper describing the cloning of the gene encoding Green Fluorescent Protein and the

structure of GFP’s chromophore.17

Fig. 4 Fluorescence from streaks of bacteria expressing (clockwise

from upper right) improved blue, cyan, green, and yellow fluorescent

proteins. Each streak is labeled with the mutation most responsible for

its spectral alteration.
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GFP-derived proteins

It still bothered me that we did not understand how the chromophore (technically, a p-
hydroxybenzylideneimidazolidinone) inside GFP was spontaneously formed from serine
65, tyrosine 66, and glycine 67.
There seemed to be no biochemical precedent for such a post-translational
modification, which not only formed a new heterocyclic ring but also dehydrogenated
the a-b single bond of tyrosine to a double bond.
Dehydrogenations either evolve hydrogen gas (H2), which I thought most unlikely in
this case, or require an oxidant to carry away the two hydrogen atoms. The only
oxidant we could directly control within the cells was atmospheric O2.

inside GFP was spontaneously formed from serine 65, tyrosine 66,
and glycine 67.17,22 There seemed to be no biochemical
precedent for such a post-translational modification, which
not only formed a new heterocyclic ring but also dehydrogenated
the a-b single bond of tyrosine to a double bond. Dehydro-
genations either evolve hydrogen gas (H2), which I thought
most unlikely in this case, or require an oxidant to carry away
the two hydrogen atoms. The only oxidant we could directly
control within the cells was atmospheric O2. Heim therefore
grew GFP-expressing bacteria under strictly anaerobic con-
ditions and was pleasantly surprised to find that the protein
was made but not yet fluorescent. Upon re-exposure to air,
that protein became green fluorescent over a few hours.20 We
were therefore lucky that the requisite oxidant, O2, is available
in all organisms except obligate anaerobes, yet can be readily
eliminated to demonstrate its necessity. This discovery allowed
us to propose a plausible mechanism for chromophore
formation (Fig. 5). An important corollary is that two
hydrogens + O2 gives H2O2 = hydrogen peroxide, a poten-
tially toxic byproduct. I noticed this from having to balance
chemical equations in high school. Surprisingly few researchers
recognized this simple consequence of the conservation of
matter, perhaps because detailed mass balance is de-emphasized
in most chemistry courses from university level onwards.
Much later the predicted generation of one molecule of
H2O2 per molecule of mature GFP was experimentally
confirmed.23

We still had one other big problem before we could use
FRET from the blue mutant (‘‘BFP’’) to GFP to sense protein
conformational changes or protein-protein interactions.
Ideally, GFP should be excitable only by the same blue
wavelengths as BFP emits. Then irradiation with ultraviolet

(UV) light to selectively excite BFP would either give blue
emission in the absence of FRET, or transfer the energy to
GFP to glow green. However, the original GFP was more
strongly excited by UV than by blue, so that GFP was a very
poor acceptor of FRET from BFP. Why did GFP have two
excitation peaks, one big one in the UV and a much smaller
one in the blue? I hypothesized that the major UV peak was
due to the chromophore structure as guessed by Shimomura24

and Prasher,17,22 whereas the minor blue peak was due to a
small fraction of the chromophores undergoing dehydration
of serine 65 to a dehydroalanine. Such dehydration would
create an extra double bond in conjugation with the rest of the
chromophore and perhaps explain a shift to longer wave-
lengths. To test this hypothesis, Heim mutated serine 65
to alanine or cysteine, which I thought would respectively
prevent or promote the formation of the extra double bond,
eliminating or accentuating the blue peak. Once again I was
wrong: both mutations eliminated the UV peak and amplified
the desired blue peak. Heim then tried replacing serine 65 by
threonine. Even though threonine is the amino acid most
closely resembling serine, differing only by a CH2 group, the
unwanted UV peak disappeared completely, the blue peak
became 5–6 fold higher, and it even shifted B10 nm to longer
wavelengths (Fig. 6).25 We therefore suggested this mutant,
‘‘S65T’’, as a general improvement on wild-type GFP (Fig. 4,
lower left quadrant). This mutation greatly improved GFP’s
performance in yeast26 and thus began to address Emr’s
difficulties. As an initial proof of principle21 that FRET
between GFP mutants could report biochemical signals, Heim
genetically fused BFP to S65T GFP via a floppy peptide linker
that could be proteolyzed, e.g. by trypsin. FRET was effective
in the chimeric protein before enzyme exposure, but was

Fig. 5 Initial proposal for mechanism of formation of the GFP chromophore.77 The initial cyclization is analogous to the known tendency of

Asn-Gly sequences to cyclize.78 Recently it has been proposed that oxidation precedes dehydration.23

80 | Integr. Biol., 2010, 2, 77–93 This journal is !c The Royal Society of Chemistry 2010
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GFP-derived proteins

Heim therefore grew GFP-expressing bacteria under strictly anaerobic
conditions and was pleasantly surprised to find that the protein was made but
not yet fluorescent. Upon re-exposure to air, that protein became green
fluorescent over a few hours. We were therefore lucky that the requisite
oxidant, O2, is available in all organisms except obligate anaerobes, yet can be
readily eliminated to demonstrate its necessity. This discovery allowed us to
propose a plausible mechanism for chromophore formation

inside GFP was spontaneously formed from serine 65, tyrosine 66,
and glycine 67.17,22 There seemed to be no biochemical
precedent for such a post-translational modification, which
not only formed a new heterocyclic ring but also dehydrogenated
the a-b single bond of tyrosine to a double bond. Dehydro-
genations either evolve hydrogen gas (H2), which I thought
most unlikely in this case, or require an oxidant to carry away
the two hydrogen atoms. The only oxidant we could directly
control within the cells was atmospheric O2. Heim therefore
grew GFP-expressing bacteria under strictly anaerobic con-
ditions and was pleasantly surprised to find that the protein
was made but not yet fluorescent. Upon re-exposure to air,
that protein became green fluorescent over a few hours.20 We
were therefore lucky that the requisite oxidant, O2, is available
in all organisms except obligate anaerobes, yet can be readily
eliminated to demonstrate its necessity. This discovery allowed
us to propose a plausible mechanism for chromophore
formation (Fig. 5). An important corollary is that two
hydrogens + O2 gives H2O2 = hydrogen peroxide, a poten-
tially toxic byproduct. I noticed this from having to balance
chemical equations in high school. Surprisingly few researchers
recognized this simple consequence of the conservation of
matter, perhaps because detailed mass balance is de-emphasized
in most chemistry courses from university level onwards.
Much later the predicted generation of one molecule of
H2O2 per molecule of mature GFP was experimentally
confirmed.23

We still had one other big problem before we could use
FRET from the blue mutant (‘‘BFP’’) to GFP to sense protein
conformational changes or protein-protein interactions.
Ideally, GFP should be excitable only by the same blue
wavelengths as BFP emits. Then irradiation with ultraviolet

(UV) light to selectively excite BFP would either give blue
emission in the absence of FRET, or transfer the energy to
GFP to glow green. However, the original GFP was more
strongly excited by UV than by blue, so that GFP was a very
poor acceptor of FRET from BFP. Why did GFP have two
excitation peaks, one big one in the UV and a much smaller
one in the blue? I hypothesized that the major UV peak was
due to the chromophore structure as guessed by Shimomura24

and Prasher,17,22 whereas the minor blue peak was due to a
small fraction of the chromophores undergoing dehydration
of serine 65 to a dehydroalanine. Such dehydration would
create an extra double bond in conjugation with the rest of the
chromophore and perhaps explain a shift to longer wave-
lengths. To test this hypothesis, Heim mutated serine 65
to alanine or cysteine, which I thought would respectively
prevent or promote the formation of the extra double bond,
eliminating or accentuating the blue peak. Once again I was
wrong: both mutations eliminated the UV peak and amplified
the desired blue peak. Heim then tried replacing serine 65 by
threonine. Even though threonine is the amino acid most
closely resembling serine, differing only by a CH2 group, the
unwanted UV peak disappeared completely, the blue peak
became 5–6 fold higher, and it even shifted B10 nm to longer
wavelengths (Fig. 6).25 We therefore suggested this mutant,
‘‘S65T’’, as a general improvement on wild-type GFP (Fig. 4,
lower left quadrant). This mutation greatly improved GFP’s
performance in yeast26 and thus began to address Emr’s
difficulties. As an initial proof of principle21 that FRET
between GFP mutants could report biochemical signals, Heim
genetically fused BFP to S65T GFP via a floppy peptide linker
that could be proteolyzed, e.g. by trypsin. FRET was effective
in the chimeric protein before enzyme exposure, but was

Fig. 5 Initial proposal for mechanism of formation of the GFP chromophore.77 The initial cyclization is analogous to the known tendency of

Asn-Gly sequences to cyclize.78 Recently it has been proposed that oxidation precedes dehydration.23
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GFP-derived proteins
In a random screen for optimal mutations of residues 55 to 74, Cormack et al.
confirmed the value of S65T and added another mutation, F64L, which permits
folding at warmer temperatures. The resulting double mutant, ‘‘enhanced GFP’’, was
aggressively marketed by Clontech, a molecular biology supply company, and became
the basis for most subsequent applications of GFP, even when these two mutations
are not explicitly acknowledged.



Solving GFP Crystal structure 

…….The above improvements were all made without any three dimensional
structural information, which clearly would greatly facilitate further
engineering.…….When Jim Remington at the University of Oregon e-mailed
me in May 1995 to get an expression vector for GFP, I suggested that he solve
the S65T structure, because that ought to be publishable even if another
group got the wild-type structure first. Within a few months, Dr Mats Ormo¨
in Remington’s lab had solved the crystal structure (Fig. 8), using
selenomethionine substitution for phasing……..



Solving GFP Crystal structure 
……The protein was an almost
perfect cylinder, 2.4 nm in
diameter by 4.2 nm long,
composed of eleven beta-strands
surrounding a helix running up the
central axis, into which the
chromophore was inserted. The
chromophore was deeply buried at
the center of the protein,
explaining how it could be shielded
from solvent and rigidified to make
it fluorescent. (Once the protein is
denatured, the exposed
chromophore completely loses its
fluorescence.)

sent the manuscript to a third reviewer. Many weeks elapsed
without a response. Then one of the groups working on
the structure of wild-type GFP announced to the Internet
newsgroup on fluorescent proteins that they had solved the

structure, which would soon appear in Nature Biotechnology.
I forwarded this announcement to Science, which accepted our
paper the next day without the long-awaited third review.
Fortunately, the two papers,31,32 published within about a
week of each other, were in good agreement on the major
features of the structure, except that wild-type GFP was
dimeric in Yang & Phillips’ crystals whereas S65T GFP was
monomeric in Ormö and Remington’s crystals grown under
different conditions. From these structures and a more
detailed study by Brejc et al.,33 it became evident that the
UV and blue excitation peaks in wild-type GFP arose from the
neutral and anionic forms of the chromophore respectively,
and that mutation of serine 65 to threonine re-oriented the side
chain hydroxyl enough to alter the hydrogen bonding network
controlling the ionization of the chromophore.

Watching intracellular biochemistry

Our first attempt to use FRET to measure real intracellular
signals was launched by Atsushi Miyawaki, who came to my
lab from Tokyo, where he had helped clone and characterize
the receptor for inositol 1,4,5-trisphosphate (InsP3).

34,35 I very
much wanted to image this second messenger, which is crucial
for releasing Ca2+ from intracellular organelles such as the
endoplasmic reticulum. Miyawaki and I hoped to accomplish

Fig. 7 Schematic cartoons of genetically encoded fluorescent indicators based on FRET from CFP to YFP, to report (A) protease activity,

(B) Ca2+ concentrations, (C) cAMP concentrations, and (D) the balance between protein kinase and phosphatase activity.

Fig. 8 X-ray crystal structure of the S65T mutant of GFP.31 Alpha

helices and beta strands are shown as ribbons, connecting segments as

tubes, and the chromophore in ball-and-stick representation. N- and

C-terminii are marked.
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……..We could also rationalize why the chromophore had to be formed
spontaneously, because no enzyme could reach through the completely
encapsulating shell formed by the rest of GFP………



GFP-derived proteins: YFP
Remington noticed a cavity next to the chromophore and suggested that it could
accommodate an aromatic ring, which might shift the fluorescence wavelengths.
To introduce this ring, Andrew Cubitt, a new postdoc in my lab, mutated Thr 203 to
various aromatic amino acids, followed by re-annealing. Indeed, both excitation and
emission maxima increased about 20 nm, producing a noticeably more yellowish
fluorescent protein, hence dubbed YFP (Fig. 4, upper left quadrant). These shifts
made YFP a good FRET acceptor from CFP. We were glad to have the CFP/YFP pair to
replace our previous BFP/GFP combination, because BFP was too easy to bleach and
required potentially injurious UV excitation.

jellyfish-specific components were required, which was a great
relief. Heim therefore concentrated his efforts on getting GFP
to work in yeast (S. cerevisiae), partly to avoid wasteful
duplication of Chalfie’s efforts, partly because we were getting
advice and borrowing equipment and reagents from my
nearest neighbor at UCSD, Scott Emr, an eminent molecular/
cell biologist specializing on yeast. With the help of Chalfie’s
advice to amplify only the protein-coding region of Prasher’s
cDNA and thus discard the flanking upstream and down-
stream stretches of DNA, Heim succeeded in making some
yeast cells fluorescent, though there was a huge variation in the
brightness of individual cells in the population. Heim and I
showed Emr the cells under the microscope and asked if he
could suggest any biological question in yeast for which GFP
could help supply the answer. Emr was excited to see Heim’s
results and he indicated GFP may be used to track cargo
protein movements through the secretory pathway of yeast. A
postdoc in the Emr lab made GFP fusion constructs to a
secreted protein and a lysosomal protein in yeast. Unfortunately,
the GFP fluorescence signals were very weak and highly
variable from cell to cell. This confirmed that wild-type GFP
was too unreliable, so Emr’s lab put GFP aside until it could
be sufficiently improved.

My original hope for fluorescent proteins was to fuse a
different color to each of the two types of subunits of PKA, so
we obviously needed a second color. Because the chromophore
of GFP was mostly constructed from a tyrosine at position 66,
I asked Heim to mutate this amino acid to tryptophan, the
other aromatic amino acid most conducive to absorbance and
fluorescence. This alteration practically destroyed the fluores-
cence. After the failure of my naı ¨ ve rational idea, Heim
decided to mutate GFP randomly. To our delight, he soon

found a blue-fluorescing mutant (Fig. 4, upper right quadrant),
which upon sequencing proved surprisingly to contain a
histidine at position 66.20 Later we discovered that tryptophan
at 66 gives an even more useful and bleach-resistant cyan
fluorescent protein (CFP), intermediate between blue and
green, but only if additional mutations carve out extra room
inside the protein to accommodate the bulky tryptophan
(Fig. 4, lower right quadrant). Even histidine at 66 benefits
from its own set of compensatory mutations.21

It still bothered me that we did not understand how the
chromophore (technically, a p-hydroxybenzylideneimidazolidinone)

Fig. 3 Title, abstract, and acknowledgments from the paper describing the cloning of the gene encoding Green Fluorescent Protein and the

structure of GFP’s chromophore.17

Fig. 4 Fluorescence from streaks of bacteria expressing (clockwise

from upper right) improved blue, cyan, green, and yellow fluorescent

proteins. Each streak is labeled with the mutation most responsible for

its spectral alteration.
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many new GFP-like proteins in non-bioluminescent and
sometimes even non-fluorescent marine organisms.

Ds-Red GFP



In august 2007 Lukyanov reported a bright, fast folding fluorescent
protein that emits light in the far-red. The protein is named Katushka.
The monomeric form of the protein is called mKate. It was isolated
from a brilliant red sea anemone.

Katushka Ds-Red



Roger Tsien is responsible for much of our understanding of how GFP
works and for developing new techniques and mutants of GFP. His group
has developed mutants that start fluorescing fast than wild type GFP, that
are brighter and have different colors (see below, the E stands for
enhanced versions of GFP, m are monomeric proteins and tdTomato is a
head-to-tail dimer).








