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ABSTRACT OF THE DISSERTATION

Engineering Novel Fluorescent Proteins

by

Nathan Christopher Shaner

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2006

Professor Roger Y. Tsien, Chair

Fluorescent proteins are intrinsically fluorescent, genetically encodable tags

that can be expressed in many heterologous organisms.  Originally cloned from

jellyfish and corals, these proteins and their engineered derivatives have become

ubiquitous tools in molecular and cell biology.  While wild-type fluorescent proteins

sometimes possess sufficiently beneficial properties to be used unmodified, many

applications require improvements in brightness or photostability, reduction of

oligomerization, or other specific properties that require additional engineering of the



xiv

wild-type protein.  This dissertation presents experiments drawn from the entire

spectrum of fluorescent protein science, from the cloning of novel wild-type

fluorescent proteins to the engineering of wavelength-shifted, photostable, and

photoactivatable variants of existing fluorescent proteins.  The previously engineered

monomeric red fluorescent protein, mRFP1, was engineered through a combination of

rational design and directed evolution into a set of monomeric fluorescent proteins

spanning from yellow-green through far-red.  Far-red fluorescent proteins were

studied in further detail after the discovery that certain variants exhibited the novel

property of reversible photoactivation.  A systematic analysis of the photostability and

spectral properties of the most commonly used fluorescent proteins led to greater

insight into the best proteins to use for specific types of experiment.  Novel screening

methods were developed to select for highly photostable variants, resulting in the

evolution of substantially more photostable red and orange monomers. Finally, novel

fluorescent proteins were cloned from a cold-water anemone and a tropical large-

polyp stony coral, providing additional insights into the evolution of color in wild-type

fluorescent proteins.  The central issue in all of these studies is the examination of the

origin of the widely varied photophysical properties of these fluorescent proteins.  In

the course of this work, the relationship between chromophore chemistry and

interaction with the protein scaffold and the photophysical properties of the

fluorescent protein have been further elucidated, and several novel tools with wide

applicability to cell and molecular biology research have been developed.



1

Introduction
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The field of fluorescent protein science has steadily advanced since the cloning

of the first known fluorescent protein from Aequorea victoria
1, 2

.  Since that time,

fluorescent proteins have become some of the most ubiquitously used tools in cell and

molecular biology research.  While currently existing fluorescent proteins have

already proved amenable to a wide variety of applications, several properties of these

proteins are not yet optimal, and could stand improvement.  Beyond known

fluorescent proteins, researchers have only begun to explore the very large

superfamily of fluorescent proteins present in marine invertebrates
3
, and many new

and useful properties are likely to await discovery.  This dissertation describes the

engineering of monomeric fluorescent proteins derived from the Discosoma sp. red

fluorescent protein “DsRed”
4
 with the goal of diversifying excitation and emission

wavelengths, exploring the phenomenon of reversible photoconversion, and

optimizing photostability.  In addition, this dissertation describes a unified

characterization of the most commonly used fluorescent proteins, and the cloning of

four novel fluorescent proteins from a temperate sea anemone, Anthopleura

elegantissima, and a tropical coral, Euphyllia ancora.

Fluorescent proteins are intrinsically fluorescent polypeptides that form a

chromophore autocatalytically through modification of the polypeptide backbone
1, 5-8

.

All known fluorescent proteins adopt an 11-stranded !-barrel fold, with a central "-

helix which contains the chromophore
1, 3

.  In all known wild-type fluorescent proteins,

the chromophore is formed by a conserved tripeptide motif (X-Y-G) by a common

three-step mechanism of cyclization, dehydration, and oxidation
1, 3

.  Further covalent
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modifications, as well as interactions with side chains from the surrounding !-barrel,

lead to alterations in excitation and emission wavelength as well as other

photophysical properties (see Appendix B)
1, 3, 5, 7-13

.

The first cloned fluorescent protein was the green fluorescent protein (GFP)

isolated from the jellyfish Aequorea victoria
2
.  While the wild-type protein exhibited

poor folding at 37 °C and an undesirable dual-peak excitation spectrum, subsequent

mutagenesis and rational design led to vast improvements in its usefulness as an

expression marker and fusion tag
1
.  Aequorea  GFP has been engineered into

wavelength variants ranging from blue (BFP) and cyan (CFP) to yellow-green (YFP),

but proved resistant to red-shifts in emission beyond about 530 nm
1
.  While the

CFP/YFP pair of fluorescent proteins is used widely for fluorescence resonance

energy transfer (FRET) studies
1, 14, 15

, further expansion of available wavelengths was

widely desired in the scientific community.

The red fluorescent protein “DsRed,” cloned from Discosoma sp.
4
, partially

filled the wavelength gap in available fluorescent proteins.  Unfortunately, thorough

characterization of DsRed revealed that it had several undesirable properties, including

slow maturation, residual green fluorescence, relatively poor solubility, and obligate

tetramerization
16

.  Because of these shortcomings, wild-type DsRed is of limited

utility.  Early attempts to improve DsRed resulted in variants with much faster

maturation times and improved solubility, but failed to solve the critical issue of

tetramerization
17

.  Finally, an exhaustive process of directed evolution, requiring a
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total of 33 mutations relative to wild-type DsRed, led to the development of the first

monomeric fluorescent protein, mRFP1
18

.

Although mRFP1 has proved highly popular and useful, it too has many

shortcomings
11

.  mRFP1, unlike wild-type DsRed, displays very fast photobleaching,

making it unsuitable for time-lapse imaging experiments.  Also, mRFP1 displays

incomplete maturation, effectively reducing its extinction coefficient.  Though mRFP1

is reasonably bright, its quantum yield is much reduced compared to wild-type DsRed.

Finally, mRFP1 is highly sensitive to the presence or absence of genetic fusions to its

N- or C-terminus, making its successful use in fusion constructs unpredictable.  The

work described in this dissertation seeks to remedy the shortcomings of mRFP1 and

expand the variety of available variants.

While the relationship between structure and function for the Aequorea GFP

variants has been relatively well studied
1
, several properties, such as red-shifted

excitation and emission and photostability, are not yet thoroughly understood.  By

developing screening methods to select for novel properties, such as enhanced

photostability, we seek to gain a better understanding of how these properties arise,

and to gain clues as to how to design mutants with other improved or altered

properties.  The goal of this dissertation is to use directed evolution of mRFP1-derived

fluorescent proteins and the characterization of other fluorescent proteins, both novel

and well-established, to explore structure-function relationships in fluorescent proteins
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and establish a highly optimized toolkit for application to cell and molecular

biological research.

Chapter 1 describes the development of wavelength-shifted variants of

mRFP1, many of which display improved properties, but none of which is optimal in

all properties.  Subsequent X-ray crystallography of three of these variants (mCherry,

mOrange, and mStrawberry
11

) by Xiaokun Shu and S. James Remington provided

additional insights into the relationship between chromophore chemistry and

wavelength.  Careful analysis of the variant mCherry, which displays improved

photostability, also led to the rational design of additional photostable mutants,

described in Chapter 4.

Chapter 2 describes the development of far-red and photoactivatable variants

of mRFP1 based on homology to the rationally designed yellow-green Aequorea GFP

variants
1
.  Analysis of the properties of the photoactivatable variants led to the

proposal of a mechanism for reversible photoactivation, which should be amenable to

further experimental tests.  The furthest red-shifted variants produced in these

experiments exhibit excitation wavelengths longer than any yet described in wild-type

or engineered fluorescent proteins
3, 19-21

.

Chapter 3 describes the unified characterization of the most commonly used

fluorescent proteins.  Specifically, measurements of photostability have in the past

been difficult to interpret in terms of practical experimental value.  This chapter
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presents a pragmatic measurement of photostability that should accurately reflect the

performance of each protein in real-life experimental conditions, and also provides a

fair basis for comparison of other critical physical and optical properties of each

protein so that the researcher may make an informed decision.

Chapter 4 presents a novel method for selection of photostable fluorescent

protein variants, which is applied to the evolution of a high-quantum yield red

fluorescent protein (mApple) and an enhanced-photostability orange fluorescent

protein (mOrange2).  These two variants illustrate that there are at least two different

evolutionary pathways for creating a photostable fluorescent protein which appear to

be mutually exclusive.  Analysis of the oxygen dependence of mOrange2 versus its

predecessor, mOrange, suggests that the mutations that confer photostability to

mOrange2 do so by eliminating an oxidative photobleaching pathway.

Finally, Chapter 5 describes the cloning of four novel fluorescent proteins

from anthozoan species Anthopleura elegantissima, a temperate water sea anemone,

and Euphyllia ancora, a large-polyp stony tropical coral.  These new proteins shed

light on the independent evolution of wavelength of wild-type fluorescent proteins,

and may provide the raw material for the development of additional useful cell and

molecular biological tools.

Together, these experiments, along with structural data from our collaborators

and information on newly cloned wild-type proteins from other laboratories, paint a
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detailed picture of the structure-function relationships that can be generally inferred

for fluorescent proteins.  Specifically, we can now see fairly clearly the relationship

between chromophore chemistry and wavelength, and can also identify important

regions inside the !-barrel that influence pH-dependence and photostability.  At the

same time, we have produced a set of highly optimized monomeric fluorescent

proteins that should have even wider applicability than those previously available, and

which are likely to provide fertile starting material for further diversification and

optimization.
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Abstract

Fluorescent proteins are genetically encoded, easily imaged reporters crucial in

biology and biotechnology
1,2

. When a protein is tagged by fusion to a fluorescent

protein, inter-fluorescent protein interactions can undesirably disturb targeting or

function
3
. Unfortunately, all wild-type yellow to red fluorescent proteins reported so

far are obligately tetrameric and often toxic or disruptive
4,5

. The first true monomer

was mRFP1, derived from the Discosoma fluorescent protein “DsRed” by directed

evolution first to increase the speed of maturation
6
, then to break each subunit

interface while restoring fluorescence, cumulatively requiring 33 substitutions
7
.

Although mRFP1 has already proven widely useful, several properties could bear

improvement and more colors would be welcome. We report the next generation of

monomers. The latest red version matures more completely, is more tolerant of N-

terminal fusions, and is over tenfold more photostable than mRFP1. Three new

monomers with distinguishable hues from yellow-orange to red-orange have higher

quantum efficiencies.
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Introduction

Although mRFP1 overcame DsRed’s tetramerization and sluggish maturation

and exceeded DsRed’s excitation and emission wavelengths by about 25 nm, the

extinction coefficient, fluorescence quantum yield, and photostability decreased

somewhat during the evolution of mRFP1
7
.  To minimize these sacrifices, we have

now subjected mRFP1 to many rounds of directed evolution using both manual and

fluorescence activated cell sorting (FACS)-based screening. The resulting plethora of

new variants includes several new colors, increased tolerance of N- and C-terminal

fusions, and improvements in extinction coefficients, quantum yields, and

photostability, though no single variant is optimal by all criteria.

Results and Discussion

The red chromophore of DsRed results from the autonomous multi-step post-

translational modification of residues Gln66, Tyr67, and Gly68 into an

imidazolidinone heterocycle with p-hydroxybenzylidene and acylimine substituents
8
.

Our first attempt at improving the brightness of mRFP1 involved construction of a

directed library in which residues near the chromophore, including position 66, were

randomized.  The top clone of this library, mRFP1.1, contains the mutation Q66M,

which promotes more complete maturation and provides an additional 5 nm red-shift

of both the excitation and emission spectra relative to mRFP1. We then set out to

reduce the sensitivity of mRFP1.1 to N-terminal fusions.  Because Aequorea GFP is
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relatively indifferent to N- or C-terminal fusions, we eventually generated mRFP1.3

by replacing the first seven amino acids of mRFP1.1 with the corresponding residues

from enhanced GFP (MVSKGEE) followed by a spacer sequence NNMA (numbered

6a-d), and appending the last seven amino acids of GFP to the C terminus.  mRFP1.3,

unlike its predecessors, was found to have an equivalent high level of fluorescence

regardless of fusions to its N terminus.

Additional rounds of screening random libraries based on mRFP1.3 and

wavelength-shifted mRFP variants identified the beneficial folding mutations V7I and

M182K, which were incorporated into clone mRFP1.4. A library randomized at

position 163 identified the substitution M163Q, resulting in a nearly complete

disappearance of the absorbance peak at ~510nm present in all previous mRFP clones.

The additional mutations N6aD, R17H, K194N, T195V, and D196N were introduced

through two further rounds of directed evolution to produce our final optimized clone,

mCherry (Table 1.1, Figs. 1.1, 1.2, 1.3, 1.4, 1.5 and 1.6).

To test if the introduction of GFP-type termini into mRFP variants would

benefit fusion proteins expressed in mammalian cells, mRFP1 and mCherry were

fused to the N terminus of !-tubulin. In most HeLa cells, expression of mRFP1-!-

tubulin resulted in diffuse cytoplasmic fluorescence rather than proper incorporation

into microtubules (Fig. 1.7a).  However, mCherry-!-tubulin fusions were successfully

incorporated into microtubules in most cells (Fig. 1.7b), similar to results seen with

GFP-coupled tubulin
9
. Full-length mRFP1-!-tubulin was expressed at similar amount
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compared to the mCherry-!-tubulin as verified by in-gel fluorescence and Western

blot (data not shown).  Equivalent results were obtained with Madin-Darby canine

kidney (MDCK) and primary human fibroblasts (data not shown). By contrast, fusions

of "-actin with mRFP1 or mCherry were both successfully incorporated into the actin

cytoskeleton (data not shown).

The dimer2 variant previously described
7
 possesses many desirable properties

such as a faster and more complete maturation than wild-type DsRed and a greater

fluorescent brightness than the fast-maturing mutant T1
6
 (DsRed-Express).  Through 5

rounds of directed evolution, we found the optimal combination of mutations V22M,

Q66M, V105L, and F124M, which resulted in improved maturation kinetics, a

significantly reduced ‘dead-end’ green component, and a small red-shift.  The final

clone, designated dTomato (Table 1.1, Figs. 1.1, 1.2, 1.3, 1.4, and 1.5), additionally

contains the GFP-type termini as described for mCherry (without the NNMA

insertion), which result in a higher tolerance of N- and C-terminal fusions (data not

shown).  In order to construct a nonaggregating tag from the extremely bright

dTomato, we genetically fused two copies of the gene to create a tandem dimer as

previously reported
7
 (see Methods).

 Many new fluorescent proteins with different colors have been discovered in

diverse anthozoan species, but so far they all suffer from obligate tetramerization and

would require efforts similar to the evolution of mRFP1 to produce widely useful

fusion partners
10

. Because such monomerization is usually tedious and often
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unsuccessful, it might be more efficient to alter the excitation and emission

wavelength of mRFP through directed evolution. Following the example of GFP

engineering
11,12

, we explored substitutions at Gln66 and Tyr67, homologous to Tyr66

and Ser65 in GFP.

Starting with mRFP1.1, we replaced Tyr67 with phenylalanine, histidine, or

tryptophan.  The most promising clone contained the Y67W substitution, homologous

to the main wavelength-shifting mutation in the cyan GFP mutant, CFP.  Two further

rounds of directed mutagenesis yielded our most blue-shifted mRFP variant, named

“mHoneydew” which contains four additional substitutions (Figs. 1.4 and 1.5). Like

CFP, mHoneydew has relatively broad, double-peaked excitation and emission

spectra, with excitation peaks at 487 and 504 nm, and emission peaks at 537 and 562

nm (Table 1.1, Figs. 1.1 and 1.2).  Its extinction coefficient (17,000 M
-1

cm
-1

) and

quantum yield (0.12) are quite low and proved relatively resistant to further

improvements. Nevertheless, mHoneydew proves that the tryptophan-based

chromophore of CFP can undergo a further maturation to a longer-wavelength

chromophore, in analogy to the dehydrogenation of the tyrosine-derived GFP

chromophore to the DsRed/mRFP chromophore.

Initial mutations of position 66 in mRFP1.1 indicated that the substitutions

Q66S, Q66T, and Q66C all yielded proteins significantly blue-shifted with respect to

mRFP1.  This led us to the development of “mTangerine,” which contains the

substitutions Q66C and Q213L with respect to mRFP1.1 (Figs. 1.4 and 1.5), with
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excitation and emission peaks at 568 and 585 nm (Figs. 1.1 and 1.2).  While

mTangerine has a respectable extinction coefficient (38,000 M
-1

cm
-1

) and quantum

yield (0.3), we quickly moved on to development of Gln66-substituted mutants of

mRFP1.4, with its optimized N- and C-termini.

Starting with mRFP1.4 M66T, through 6 additional rounds of directed

evolution, we arrived at the final orange fluorescent variant, mOrange, with excitation

at 548nm and emission at 562nm (Table 1.1, Figs. 1.1, 1.2, 1.3, 1.4, and 1.5).

mOrange has an extinction coefficient equivalent to mCherry, but more than 3-fold

higher quantum yield. Interestingly, mOrange has excitation and emission maxima

very close to a newly discovered tetrameric orange fluorescent protein from

Cerianthus
13

 and a monomer evolved from a Fungia concinna fluorescent protein
14

.

Though mOrange is the brightest true monomer in the present series, it does exhibit

significant acid sensitivity, with a pKa of 6.5, and so is not yet optimal when pH

insensitivity is required. However, the popular Aequorea GFP variant EYFP, with a

pKa of 7.1
15

, has been used successfully as a qualitative fusion tag by many

researchers. Additionally, from the initial mRFP1.4 M66T clone, through 5 rounds of

directed evolution, we created a pH-stable orange-red variant, mStrawberry, which has

the highest extinction coefficient (90,000 M
-1

cm
-1

) of the true monomers. Its

wavelengths (excitation 574 nm, emission 596 nm) and quantum yield (0.29) are

intermediate between mCherry and mOrange (Table 1.1, Figs. 1.1, 1.2, 1.3, 1.4, and

1.5).
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The high extinction coefficient and quantum yield of mOrange made it

attractive as a potential FRET acceptor for GFP variants.  As a test, we constructed a

new Zn
2+

 sensor with mOrange and the violet-excited GFP mutant T-Sapphire
16

 and

compared it to the same sensor containing CFP and the Citrine variety
17

 of YFP.  T-

Sapphire was chosen as donor because it is optimally excited below 425 nm, where

mOrange is negligibly excited. The domain that changes its conformation upon

binding Zn
2+

 was modified from the original zif-268-derived version
18

 by mutating the

two Zn
2+

-binding cysteines to histidines to eliminate any possibility of oxidation.  The

fusion of CFP and Citrine respectively to the N- and C-termini of the modified Zn
2+

finger displayed a 5.2 fold ratio change upon addition of Zn
2+

, with an apparent Kd of

~200 mM.  Replacement of CFP by mOrange and Citrine by T-Sapphire yielded a

sensor whose 562 nm to 514 nm emission ratio increased 6-fold upon Zn
2+

 binding

(Fig. 1.8).  This demonstrates that mOrange and T-Sapphire make a good emission-

ratiometric FRET pair with dynamic range at least equaling CFP and YFP but at

longer emission wavelengths.

Position 197 stacks near the RFP chromophore in homology to Thr203 in GFP.

Randomization of Ile197 in mTangerine led to the surprising discovery that I197E

provided an additional blue-shift. Eight rounds of directed evolution produced

mBanana, with excitation and emission peaks at 540 nm and 553 nm respectively and

a high quantum yield (0.70). Unfortunately the fluorescence of mBanana is quite pH-

sensitive, and the effective extinction coefficient remains very low, only 6,000

M
-1

cm
-1

, probably due to incomplete maturation.  However, the increased quantum
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yield of mBanana partially compensates for its low extinction coefficient (Table 1.1,

Figs. 1.1, 1.2, 1.3, 1.4, and 1.5).

What is the basis of the spectral shifts of these mRFP variants? The largest

single effect is seen with substitutions at the first chromophore position, occupied by

Gln in DsRed and mRFP1. Substitution of this residue with serine, threonine, or

cysteine in mRFP1 or dimeric RFPs (data not shown) results in a significant blue-shift.

In the absence of compensating mutations, the Q66S/T/C variants of mRFP1 all

exhibit emission around 580 nm at neutral pH, but become brighter and more blue-

shifted at high pH. The blue-shifted (mOrange) species is stabilized by T41F and

L83F mutations, where the red-shifted (mStrawberry) form is favored by S62T, Q64N,

and Q213L. In mBanana, the I197E mutation may contribute a hydrogen bond

between the glutamate side chain and phenolate oxygen in the chromophore, resulting

in a further redistribution of electron density. Confirmation or more detailed

explanations await high-resolution structural information (see Appendix B).

An obvious application of the proliferation of fluorescent protein colors is to

discriminate many cell types, transcriptional activities, or fusion proteins. In the most

general case where a cell or voxel could contain arbitrary concentrations of n

fluorescent proteins mixed together, determination of the n independent concentrations

or quantities of each of the fluorescent proteins requires spectral or lifetime unmixing

of at least n measurements, preferably many more to confer statistical robustness.

Such unmixing techniques have been shown to discriminate fluorescent species having
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spectra even more closely overlapping than the current palette
19,20

. However, there is

an important special case where each cell or nonoverlapping subcellular structure has

been tagged with a different fluorescent protein. When a cell or voxel contains at most

one fluorescent protein, how many measurements are required to decide its identity

and concentration? To test such discrimination experimentally, bacteria separately

transfected with EGFP, Citrine, mBanana, mOrange, mStrawberry, or mCherry were

mixed and analyzed by flow cytometry, with excitation at 514 nm and emission

simultaneously measured through three bandpass filters, 540-560 nm, 564-606 nm,

and 595-635 nm respectively. Transformation of the three signals to polar coordinates

enabled easy discrimination of the six constituent populations and the relative amounts

of fluorescent protein per cell (Fig. 1.9). Thus three simple emission measurements are

sufficient.

We compared the photostability of mRFP1 with that of its descendants and

with EGFP (see Methods). In order to make fair comparisons between proteins with

different extinction coefficients, overlaps with excitation filters, and quantum yields,

we normalized the bleach rates to an initial emission rate from each molecule of 1000

photons/sec. The resulting bleach curves (Fig. 1.10) varied greatly in absolute rate but

were generally far from single exponentials. Most showed an initial fast phase in

which over 50% of the initial emission was lost, followed by a lower amplitude, much

slower decay phase. This complexity makes it difficult to extract a meaningful single

number for the quantum efficiency of photobleaching.  Therefore, we believe a

realistic figure of merit for typical cell biological experiments is the time for the
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emission to drop to 50% of its initial value. These values are listed in Table 1.1. By

this criterion, the best performers are tdTomato and mCherry, which are both more

than tenfold better than mRFP1 and nearly as good as EGFP.
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Conclusion

Just as no one type of fruit in a grocery store supplants all others, so there is no

single best fluorescent protein within the cornucopia derived from DsRed via mRFP1

and dimer2. The highest brightness (product of extinction coefficient, 138,000

M
-1

cm
-1

, and quantum yield, 0.69) is found in tdTomato, at the cost of doubling the

molecular weight. A previous tandem dimer, t-HcRed1, was reported to have an

extinction coefficient and quantum yield of 160,000 M
-1

cm
-1

 and 0.04 (ref. 21),

corresponding to about 15-fold less brightness than tdTomato. Among the true

monomers, mCherry offers the longest wavelengths, the highest photostability, the

fastest maturation, and excellent pH resistance. Its excitation and emission maxima are

just 3 nm longer than those of mRFP1, for which it is the closest upgrade. Although

mCherry’s quantum efficiency is slightly lower (0.22 vs. 0.25 for mRFP1), its

increased extinction coefficient (due to near-complete maturation), tolerance of N-

terminal fusions, and photostability make mRFP1 obsolete. For applications such as

dual-emission FRET where the acceptor’s quantum yield must be maximized,

mOrange is the current favorite (e.g. Fig. 1.8), though its maturation time, pH

sensitivity, and photostability are currently far from optimal. Additional colors for

multiwavelength tracking of distinct cells or substructures are available from

mStrawberry, mTangerine, mBanana, and mHoneydew in descending order of

wavelengths and brightnesses.
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What other possibilities exist for the engineering of mRFP-derived proteins?

Other desirable properties that exist in tetrameric fluorescent proteins and their

relatives are reversible photoactivation
22

, green-to-red photoconversion
23,24

, and more

extreme red-shifts
10,21,25

. One could also imagine the engineering of other more

unconventional properties, such as phosphorescence or generation of singlet oxygen.

Monomeric proteins with such properties would be quite valuable. Evolution of such

proteins or recombination of the best features of the existing proteins will probably

require even higher-throughput means to generate genetic diversity, coupled with new

screens run in parallel for all requisite performance criteria.
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Materials and Methods

Mutagenesis and Screening. mRFP1 and dimer2
7
 were used as the initial

templates for construction of genetic libraries by a combination of saturation or partial

saturation mutagenesis at particular residues and random mutagenesis of the whole

gene. Random mutagenesis was performed by error-prone PCR as described
17

 or by

using the GeneMorph I or GeneMorph II kit (Stratagene). Mutations at specific

residues were introduced as described
7
, or by sequential QuikChange (Stratagene), or

by QuikChange Multi (Stratagene), or by a ligation-based method (description

follows). Briefly, oligonucleotide primers containing the degenerate codons of interest

at their 5’ ends preceded by a SapI restriction site were used to amplify the RFP in two

separate PCR reactions using PfuTurbo polymerase (Stratagene). Each PCR fragment

was cut with SapI (New England Biolabs) to produce a 3-base overhang compatible

with the other digested fragment, and purified digested fragments were ligated with T4

DNA ligase (New England Biolabs). Full length ligation products inserts were gel

purified and digested with EcoRI/BamHI (New England Biolabs) and inserted into

pRSETB or a modified pBAD vector (Invitrogen). For all library construction

methods, chemically competent or electrocompetent Escherichia coli strain

JM109(DE3) (for pRSETB) or LMG194 (for pBAD)
26

 were transformed and grown

overnight on LB/agar (supplemented with 0.02% (wt/vol) L-arabinose (Fluka) for

pBAD constructs) at 37°C and maintained thereafter at room temperature. LB/agar

plates were manually screened as previously described
27

. JM109(DE3) colonies of

interest were cultured overnight in 2 ml LB supplemented with ampicillin. LMG194
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colonies of interest were cultured for 8 hours in 2 ml RM supplemented with

ampicillin and 0.2% (wt/vol) D-glucose, and then culture volume was increased to 4

ml with LB/ampicillin. RFP expression was then induced by adding L-arabinose to a

final concentration of 0.2% (wt/vol) and cultures were allowed to continue growing

overnight. For both JM109(DE3) and LMG194, a fraction of the cell pellet was

extracted with B-PER II (Pierce), and spectra were obtained using a Safire 96-well

plate reader with monochromators (TECAN). DNA was purified from the remaining

pellet by QIAprep spin column (Qiagen) and submitted for sequencing.

Construction of Tandem Dimer and FRET Constructs. To construct

tdTomato with a 12-residue linker (GHGTGSTGSGSS), dTomato was amplified in

two separate PCR reactions, the first PCR retaining the 7-residue GFP-type N

terminus (MVSKGEE) but deleting the 7-residue GFP-type C terminus and adding the

first half of the 12-residue linker followed by a SapI restriction site, and the second

PCR adding the remaining half of the 12-residue linker followed by the sequence

ASSEDNNMA before residue 7 of dTomato, and ending with the 7-residue GFP-type

C terminus (GMDELYK). Gel purified PCR products were digested with SapI, gel

purified, and ligated with T4 DNA ligase. Full length ligation product was gel

purified, digested with EcoRI/BamHI, and ligated into a modified pBAD vector. For

FRET constructs, the original Zn
2+

 sensor
18

 was modified such that the two Zn
2+

ligating Cys residues were mutated to His.  The modified Zn
2+

 finger domain,

HERPYAHPVESHDRFSRSDELTRHIRIHTGQK (Zn
2+

 ligating residues in bold,

mutated residues underlined), was cloned between CFP and citrine with SphI and SacI
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sites as linkers. PCR-amplified mOrange and T-Sapphire
16

 were inserted into

BamHI/SphI and EcoRI/SacI sites, replacing CFP and citrine.

Protein Production and Characterization. RFPs were expressed from pBAD

vectors in E. coli LMG194 by growing single colonies in 40 ml RM/Amp

supplemented with 0.2% D-glucose for 8 hours, adding 40 ml LB/Amp and L-

arabinose to a final concentration of 0.2%, and incubating overnight at 37°C. For

maturation experiments, flasks were sealed with parafilm upon induction to restrict

oxygen availability. All proteins were purified by Ni-NTA chromatography (Qiagen)

and dialyzed into PBS. Biochemical and fluorescence characterization experiments

were performed as described
5
. For FRET measurements, purified Zn

2+
 sensor proteins

were diluted in 10 mM MOPS, 100 mM KCl, pH 7.4 with either 1 mM EDTA or 1

mM ZnCl2 and fluorescence emission spectra were collected with excitation near the

peak donor excitation wavelength.

Cloning of tubulin chimeras, transfection and imaging.  cDNAs were

cloned following standard procedures into the HindIII and XhoI sites of pCDNA3.1

(Invitrogen), resulting in cDNAs encoding mRFP1-GGR-human-!-tubulin and

mCherry-SGLRSRA-human-!-tubulin, both lacking the first Met of tubulin. PCR-

mediated cloning was verified by automated sequencing. HeLa cells were grown in 3

cm dishes with poly-D-lysine coated glass-bottoms (MATEK Inc.) in DMEM

supplemented with penicillin and streptomycin and 10% fetal calf serum. HeLa cells

were transfected using Fugene (Invitrogen) and analyzed 2 days post-transfection.
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Imaging was performed on a Biorad MRC1024 confocal system, controlled by

Lasersharp2000 software. The stage was maintained at 37°C using a lens heater

(Bioptechs) and a 3 cm water-circulation-based dish heater. Acquisition was in one

focal plane, using 568 nm excitation and collecting >585 nm emission.

Electrophoresis, in-gel fluorescence and Western blot.  Transfected cells

were lysed in 120 ml Laemmli Sample Buffer (50 mM Tris pH 6.8, 2% (wt/vol) SDS,

10% (vol/vol) glycerol, 5% (vol/vol) !-mercaptoethanol, 0.1% (wt/vol) bromophenol

blue) and the lysates were sheared. Lysates were either left untreated (in-gel

fluorescence assay) or heated for 10 minutes at 95°C (Western Blot). 15 !l of each

sample was run on a 10-20% Novex Tris-Glycine gel (Invitrogen). Fluorescence was

measured using 560/40 nm excitation and 620/20 nm emission filters. The gel with the

denaturated samples was transferred to Immobilon (Millipore). The membranes were

blocked in 2.5% (wt/vol) BSA and subsequently probed with primary antibody anti-"-

tubulin (B512, Sigma) followed by goat-anti-mouse antibody conjungated to

horseradish peroxidase (Calbiochem). Blots were washed extensively, and

immunostained proteins were visualized using Western Lightning Chemiluminescence

(Perkin Elmer).

Fluorescence Activated Cell Sorting. A modified version of the protocol

described by Daugherty et al.
28

 was used for FACS screening of large libraries of

fluorescent protein mutants. Briefly, E. coli LMG194 were electroporated with a

modified pBAD vector containing the gene library and the transformed cells were
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grown in 30 ml RM supplemented with ampicillin and 0.2% (wt/vol) D-glucose. After

8 hours, RFP expression was induced by adding L-arabinose to a final concentration

of 0.2% (wt/vol). Overnight induced cultures were diluted 1:100 into DPBS

supplemented with ampicillin prior to FACS sorting. Multiple rounds of cell sorting

were performed on a FACSDiva (BD Biosciences) in yield mode for the first sort and

purity or single cell mode for subsequent sorts of the same library. Sorted cells were

grown overnight in 4 ml RM/amp with 0.2% (wt/vol) D-glucose and the resulting

saturated culture was diluted 1:100 into 30 ml RM/Amp with 0.2% (wt/vol) D-glucose

to start the next culture to be sorted. After 3 to 4 rounds of FACS sorting, the bacteria

were plated onto LB/agar supplemented with 0.02% (wt/vol) L-arabinose and grown

overnight, after which individual clones were screened manually as described above.

Photobleaching measurements.  Aqueous droplets of purified protein in

phosphate-buffered saline were formed under mineral oil in a chamber on the

fluorescence microscope stage. For reproducible results it proved essential to pre-

extract the oil with aqueous buffer, which would remove any traces of autoxidized or

acidic contaminants. The droplets were small enough (5 – 10 !m diameter) so that all

the molecules would see the same incident intensity. The absolute excitation

irradiance in photons/(cm
2
·s·nm) as a function of wavelength was computed from the

spectra of a xenon lamp, the transmission of the excitation filter, the reflectance of the

dichroic mirror, the manufacturer-supplied absolute spectral sensitivity of a miniature

integrating-sphere detector (SPD024 head and ILC1700 meter, International Light

Corp.), and the measured detector current. The predicted rate of initial photon
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emission per chromophore (before any photobleaching had occurred) was calculated

from the excitation irradiance and absorbance spectrum (both as functions of

wavelength), and the quantum yield. These rates varied from 180 s
-1

 for mHoneydew

to 3300 s
-1

 for mStrawberry. To normalize the observed photobleaching time courses

to a common arbitrary standard of 1000 emitted photons/sec, the time axes were

correspondingly scaled by factors of 0.18 to 3.3, assuming that emission and

photobleach rates are both proportional to excitation intensity at intensities typical of

microscopes with arc lamp sources, as is known to be the case for GFP
29

.
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Table 1.1.  Spectral properties of new RFP variants.

Fluorescent

protein
!ex (nm) !em (nm)

"
a

(M
-1

cm
-1

)
#FL

Brightness

of fully

mature

protein (%

of DsRed)

pKa

t1/2 for

matura

-tion at

37°C

t1/2 for

bleach
b

(s)

DsRed 558 583 75,000 0.79 100 4.7 ~10 hr 233

T1 555 584 38,000 0.51 33 4.8 < 1 hr ND

dimer2 552 579 69,000 0.69 80 4.9 ~2 hr 157

mRFP1 584 607 50,000 0.25 21 4.5 < 1 hr 8.7

mHoneydew 487/504 537/562 17,000 0.12 3 <4.0 ND 8.1

mBanana 540 553 6,000 0.70 7 6.7 1 hr 1.9

mOrange 548 562 71,000 0.69 83 6.5 2.5 hr 9.0

dTomato 554 581 69,000 0.69 80 4.7 1 hr 88.

tdTomato 554 581 138,000 0.69 160 4.7 1 hr 97.

mTangerine 568 585 38,000 0.30 19 5.7 ND 9.7

mStrawberry 574 596 90,000 0.29 44 <4.5 50 min 15.

mCherry 587 610 72,000 0.22 27 <4.5 15 min 95.

a
Extinction coefficients were measured by the alkali denaturation method

8,30 
and are believed to be more

accurate than the previously reported values for DsRed, T1, dimer2, and mRFP1
7

b
Time (s) to bleach to 50% emission intensity, at an illumination level that causes each molecule to emit

1000 photons/sec initially, i.e. before any bleaching has occurred. See Materials and Methods for more

details. For comparison, the value for EGFP is 160 sec, assuming an extinction coefficient of 56,000

M
-1

cm
-1

 and quantum efficiency of 0.60.

ND, not determined.
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Figure 1.1.  Excitation spectra for new RFP variants, normalized to emission peak for

each.  Curves shown as solid or dashed lines for monomeric variants and as a dotted

line for dTomato and tdTomato, with colors corresponding to the color of each variant.
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Figure 1.2.  Emission spectra for new RFP variants, normalized to emission peak for

each.  Curves shown as solid or dashed lines for monomeric variants and as a dotted

line for dTomato and tdTomato, with colors corresponding to the color of each variant.
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Figure 1.3.  Purified proteins (from left to right, mHoneydew, mBanana, mOrange,

tdTomato, mTangerine, mStrawberry, and mCherry) in visible light (top) and

fluorescence (bottom).  The fluorescence image is a composite of several images with

excitation ranging from 480 nm to 560 nm.
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Figure 1.4.  Sequence alignment of new mRFP variants with wild-type DsRed and

mRFP1.  Internal residues are shaded.  mRFP1 mutations are shown in blue, and

critical mutations for mCherry, mStrawberry, mTangerine, mOrange, mBanana, and

mHoneydew are shown in colors corresponding to the color of each variant.  GFP-type

termini on new mRFP variants are shown in green.
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Figure 1.5.  A genealogy of DsRed-derived variants, with mutations critical to the

phenotype of each variant.
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Figure 1.6.  mCherry is less sensitive than mRFP1 to the presence vs. absence of an

N-terminal fusion.  mRFP1 and mCherry with N-terminal leader sequence containing

a 6xHis tar (derived from pRSET B) or C-terminal tail with Myc-tag and 6xHis tag

(derived from pBAD-Myc-His-A (Invitrogen)) were purified on Ni-NTA Agarose

beads in parallel with extensive washes. Absorbance spectra were taken and

normalized to the 280 nm peak for each.  Absorbance curves for mRFP1 are plotted in

red, and those from mCherry are plotted in blue.  Solid lines correspond to N-terminal

6xHis-tagged protein, and dotted lines correspond to C-terminal 6xHis-tagged protein.

While mRFP1 exhibited greatly reduced expression and apparent extinction

coefficient (approximately 4-fold lower) when expressed with the C-terminal tag,

mCherry produced nearly identical results with either N-terminal or C-terminal tags.



36

Figure 1.7. Expressed in HeLa cells by transient transfection, mRFP1-!-tubulin (a)

fails to incorporate into microtubules, whereas mCherry-!-tubulin (b) is incorporated

into microtubules, as has been shown before for Aequorea-derived fluorescent

proteins
9
. The mRFP1-!-tubulin image (a) was brightened by a factor of 2.5 to enable

comparison with the mCherry-!-tubulin image (b). mCherry-!-tubulin-containing

microtubules display dynamic behavior as expected for functional microtubules (data

not shown).  Scale bars are 10 microns.
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Figure 1.8. T-Sapphire-mOrange FRET.  Emission spectra for 400 nm excitation for a

zinc-finger fused with mOrange on its N terminus and T-Sapphire on its C terminus.

Emission in the presence of 1mM EDTA in zinc-free buffer is represented by the

green line, and emission in the presence of 1mM ZnCl2 is represented by the orange

line.
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Figure 1.9. Discrimination of E. coli transfected with six different fluorescent

proteins. Bacteria separately transformed with different fluorescent proteins were

mixed and analyzed by flow cytometry for a total of about 10,000 events. Excitation

was at 514 nm from an argon-ion laser. Emissions E1, E2, and E3 were simultaneously

collected with 540-560 nm, 564-606 nm, and 595-635 nm bandpass filters

respectively. Normalized fluorescences Fi were calculated as Ei/(mean of all Ei values)

for i = 1, 2, 3. The root-mean-square intensity (ordinate) was defined as [F1
2
 + F2

2
 +

F3
2
]

1/2
, while the angle sum (abscissa) was tan

-1
(F2/F1) + tan

-1
(F3/F2) in radians. Each

dot represents a cell. Control runs with pure populations verified that the blue-green

dots represent GFP-expressing cells, green dots mean Citrine YFP, yellows mean

mBanana, oranges mean mOrange, reds mean mStrawberry, and magentas mean

mCherry.
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Figure 1.10. Photobleaching curves for new RFP variants. Curves for mRFP1 and

EGFP are included for comparison.  All curves are normalized to illumination

intensities calculated to cause each molecule to emit 1000 photons/sec at time = 0

before photobleaching. The inset is an expansion of the first 60 sec of bleaching.  Note

that the numbers represented here are those from publication, which are smaller by a

factor of 1.38 from the correct numbers due to an error in power measurement of the

illumination light source.  This was corrected in a later publication and has been

corrected in the Table 1 of this chapter.
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Chapter 2 – Directed evolution of red-shifted and photoactivatable

monomeric fluorescent proteins
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Abstract

Monomeric fluorescent proteins derived from Discosoma sp. red fluorescent

protein (DsRed) have been engineered into bright variants with a wide range of blue-

shifted excitation and emission wavelengths
1, 2

.  However, to further increase the

utility of these proteins, variants with substantially red-shifted excitation and emission

must be engineered as well.  With increasing red-shift, background due to

autofluorescence markedly decreases, and absorbance due to endogenous

chromophores such as hemoglobin is also minimized.  Fluorescent proteins with

sufficiently large red-shifts should thus prove useful in imaging thicker tissues or even

imaging whole animals.  In an attempt to produce such red-shifted monomeric

fluorescent protein variants, we used a rational design approach based on homology to

the yellow-green Aequorea GFP variants (YFPs), which gain their red-shift through a

! stacking interaction between the chromophore and Tyr203
3
, and to mPlum

4
, which

achieves red-shift through interaction between the chromophore and Glu16.  This

approach led to variants with substantially red-shifted excitation and emission, as well

as unexpected reversible photoactivation properties.
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Introduction

The primary mechanism for wavelength shift fluorescent proteins is covalent

modification of the chromophore.  In the Aequorea GFP variants, this covalent

modification has taken the form of substitutions to the tyrosine residue that forms the

central part of the chromophore.  Substitution of this tyrosine with tryptophan or

histidine leads to a substantial blue shift in excitation and emission relative to wild-

type or enhanced GFP
3
.  Similarly, as discussed in Chapter 1, the primary route for

wavelength shift in DsRed-derived monomers involved substitution of either the

equivalent tyrosine residue or the first chromophore residue, leading to covalent

modifications that alter the degree of conjugation and hence lead to blue shifts
1
 (see

also Appendix B).

A secondary means of shifting fluorescent protein wavelength through

alteration of the immediate environment surrounding the chromophore has previously

been demonstrated in Aequorea GFPs.  The red-shifted variant yellow fluorescent

protein (YFP) and its second- and third-generation derivatives achieve their

wavelength shift through interaction of the chromophore phenolate with a closely

stacked tyrosine residue (position 203).  This ! orbital stacking interaction leads to

increased polarizability of the conjugated chromophore orbital and hence lower

excited state energy, leading to a red shift in excitation and emission
3
 (see Appendix

B).
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Drawing upon the precedent of YFP, Robert Campbell attempted to create a

red-shifted variant of mRFP1 by substituting a tyrosine at position 197 (the position

most homologous to position 203 in GFP) in the Q66M mutant of mRFP1.  The

resulting mutant did possess a reasonably large red shift but suffered poor folding and

suboptimal maturation efficiency.  He subsequently performed limited amounts of

directed evolution to improve the folding efficiency and brightness of the red-shifted

protein.

In separate experiments, Lei Wang used somatic hypermutation (SHM) in

Ramos cells (a B-cell lymphoma line) coupled to iterative rounds of FACS-based

selection for red-shift in an attempt to evolve a red-shifted mRFP1 variant
4
.  Starting

from mRFP1.2, this selection method eventually produced a variant whose excitation

had shifted less than 5 nm (to 590nm) but whose emission had shifted over 30 nm (to

649nm).  Inspection of the sequence of this mutant, called mPlum, revealed a

completely different mechanism of red-shift than the rationally designed red mutants

developed by Robert Campbell.  The mPlum variant, like the I197Y variants, does not

appear to have covalent modification of the basic DsRed chromophore, but instead has

altered the chromophore environment such that the carbonyl oxygen of the

chromophore acylimine interacts with a glutamate side chain (see Appendix B).  Key

positions necessary to produce this interaction and give a strong red shift are at

positions 16, 65, and 161.  The interaction between the chromophore and glutamate

16, possibly through proton transfer in the excited state, leads to a strong red-shift in

emission.
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This chapter describes the synthesis and extension of these two discoveries in

order to produce monomeric RFPs derived from mRFP1 which possess strongly red-

shifted excitation and emission.  During the process of evolving these variants,

collectively named the mGrapes, the fascinating new property of reversible

photoactivation serendipitously emerged, and was also further investigated.

Results and Discussion

Initial rounds of directed evolution of red-shifted I197Y variants focused on

improving brightness and folding efficiency.  This proved relatively straightforward,

and identified many regions of the protein that had been found in other variants to

have effects on folding, such as positions 146, 150, and 177.  The most effectively

folding variant resulting from this evolution strategy was named mGrape1, and has

excitation and emission maxima at 595 and 625 nm, respectively, an extinction

coefficient of 50,000 and a fluorescence quantum yield of 0.03.  This variant appears

deep blue-purple in ambient lighting conditions, and is dimly red fluorescent under

appropriate excitation (see Table 2.1 for detailed spectral properties and Fig. 2.1 for

spectra).

Subsequent rounds of directed evolution of mGrape1 were performed in an

attempt to produce a greater red shift in either excitation or emission.  Because the

visual appearance of the fluorescent protein under ambient lighting is directly related
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to its absorbance characteristics, bacterial colonies were initially screened for altered

color.  Those colonies which appeared more blue and less purple were selected with

the rationale that a red shift in absorbance would lead to a decrease in reflected red

light and an increase in reflected blue and green light.  The final result of this selection

process was the variant dubbed mGrape2, which has excitation and emission maxima

at 605 and 636 nm, respectively, an extinction coefficient of 33,000 and a fluorescence

quantum yield of 0.03.  mGrape2 appears blue in ambient light and, as with mGrape1,

is dimly red fluorescent under appropriate excitation (see Table 2.1 for detailed

spectral properties and Fig. 2.2 for spectra).

The critical mutation found to give mGrape2 its ~10 nm red shift with respect

to mGrape1 is the I161V substitution.  The side chain of residue 161 is not in direct

contact with the chromophore, but does influence the interaction of methionine 163

with the chromophore.  Interestingly, in mPlum, position 161 is substituted with

methionine, but mGrape2 does not tolerate a methionine at this position.  The

equivalent residue in GFP, position 167, as well as homologous residues in other

fluorescent proteins, is also known to have an influence on wavelength.  It is possible

that substitution of a smaller side chain at this position in mGrape2 allows the

chromophore to twist, or that it gives enough conformational flexibility to allow more

effective ! stacking with tyrosine 197 (see Appendix B).

During purification and characterization of mGrape2, another property of this

variant became apparent.  When expressed in relatively low-light conditions, such as a
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typical 37°C shaker, the freshly extracted mGrape2 protein appears deep green rather

than blue, indicating a substantial absorbance in the blue region of the visual spectrum.

After exposure to ambient room lights or to brighter light such as sunlight, the protein

appears blue.  Further investigation revealed that the newly purified protein has a

large, broad absorbance peak at 470 nm, which disappears and is converted into a 605

nm absorbance peak upon illumination with blue light.  The reappearance of the 470

nm absorbance peak after prolonged storage in the dark at 4°C suggested that this

photoactivation was at least partially reversible (see Fig. 2.3).

Further experiments on mGrape2 demonstrated that the photoactivation was

indeed reversible, and that the rate of reversal was at least somewhat temperature

dependent, with a half-time of approximately 70 minutes at 37° C (see Fig. 2.4).

When measured by fluorescence emission at 636 nm, it appears that mGrape2 is

capable of approximately 4- to 5-fold increase in red emission upon photoactivation,

and that this process is reversible over an indefinite number of cycles, most likely

limited by photobleaching of the photoactivated species. Another common feature of

the photoactivatable mGrape variants is the presence of fluorescence emission from

the protonated state of the non-photoactivated chromophore in a broad peak around

545 nm (see Fig. 2.5).  While potentially useful as a ratiometric measure of

photoactivation, this species is extremely difficult to measure due to the high

efficiency of photoactivation upon illumination by its excitation wavelength (470 nm).

It is possible that future efforts to develop derivatives of mGrape2 could produce

mutants in which this pre-activation state is stable enough to image without significant
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amounts of photoactivation.  Together, these observations led to a rational

investigation of the mechanism for this unprecedented photoactivation property.

The 470 nm absorbance peak in non-activated mGrape2 is presumably due to a

protonated DsRed-like chromophore.  However, although its pKa for 636 nm emission

is 6.3, absorbance spectra of partially photoactivated mGrape2 taken between pH 4

and 11 show a substantial anionic red chromophore peak even at pH 4, and a constant

ratio between blue and red absorbance peaks between pH 4 and 5 (see Fig. 2.6).  This

indicates that at least two conformational species are present, each with a different

pKa for the chromophore phenolate.  In addition, photoactivation is completely

dependent on presence of the I161V substitution, which strongly suggests that the

conformational flexibility of the chromophore depends on a smaller side chain at this

position.

Building on the hypothesis that mGrape2 photoactivation occurs via

conformational change initiated by excitation of a protonated DsRed-type

chromophore, an energy level diagram was constructed to describe the various states

and transitions in this process (see Fig. 2.7).  The protein begins in the ground state, A,

which is a protonated DsRed-type chromophore.  Excitation to the excited state A*

occurs through absorption of a photon of around 470 nm.  Similarly to wild-type

Aequorea GFP
5
, the A* excited state decays to an anionic excited state B** though

proton transfer.  The anionic excited state B** can then decay to an anionic ground

state B though emission of a photon of about 545 nm with quantum yield !1.  The
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existence of excited state proton transfer and subsequent radiative decay back to an

anionic ground state is also evidenced by the large Stokes shift between absorbance

(470 nm) and emission (545 nm).  The anionic ground state B can either accept a

proton and return to the neutral ground state A, or can remain anionic, in which case it

is presumed to be red fluorescent (as indicated by absorbance (Fig. 2.6) and emission

(data not shown) spectra of mGrape2 at high pH), with first excited state B* and

fluorescence quantum yield !3.  Thermodynamically, the transition to a stably red

fluorescent state, C, though a major conformational change must occur via the excited

state B**, since the ground state energy of the photoactivated state C must be higher

than the ground state energy of state B  to allow for thermal relaxation of

photoactivation.  The transition from the excited state B** could occur to either the

ground state C  or the excited state C * , with quantum yield ! 2.  Once in

conformational state C, the chromophore is anionic with fluorescence pKa 6.3 and

quantum yield !4 (experimentally measured to be 0.03).  The conformation C can

thermally relax back to conformation B with relatively slow kinetics, leading to the

observed half-time of ~70 minutes at 37° C.

What is the nature of the conformational change that leads to mGrape2

photoactivation?  Analysis of similar mutations present in other photoactivatable

proteins, such as the kindling fluorescent protein (KFP)
6
, as well as known

conformational states associated with photoactivation of KFP
7
 (see Appendix B), lead

to the hypothesis that mGrape2 photoactivation occurs by a similar mechanism of cis

to trans isomerization of the exocyclic double bond attached to the chromophore
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phenolate. Inspection of the crystal structure of the related mRFP1 variant mCherry

(S. J. Remington and X. Shu, unpublished data) seems to indicate that the mRFP1

barrel could accommodate a trans chromophore conformation (see Fig. 2.8). This

chromophore conformation has also been described in chromoproteins (such as

Rtms5)
8
 as well as the E. quadricolor red fluorescent protein eqFP611

8
 (see Appendix

B).  While in KFP, cis to trans isomerization appears to occur upon excitation of the

anionic form of the chromophore, in mGrape2 it appears to occur only through

excitation of the protonated state of the chromophore.  Proposed identities for the

major conformational states of mGrape2 are presented in Fig. 2.9.

Several additional pieces of evidence support the hypothesis that cis to trans

isomerization is the mechanism for mGrape2 photoactivation.  The I161V mutation,

which is necessary for photoactivation, should lower the energy barrier for

isomerization, as similar mutations do in KFP and related proteins
6, 7

.  The

reversibility of photoactivation implies that a non-covalent process is occurring,

leaving proton transfer or another non-covalent conformational shift as the only

possibilities. However, the time constant for relaxation back to the deactivated form is

consistent with that of KFP, suggesting similar kinetics, and thus similar mechanisms.

A reversible proton transfer would be expected to occur at a much faster rate.  The

mutation K198M increases the dynamic range of photoactivation by reducing the

amount of red fluorescent chromophore present before photoactivation.  The K198M

mutant of mGrape2 also exhibits a somewhat faster half-time for relaxation back to the

non-photoactivated state (about 30 minutes) (see Fig. 2.4).  Because the side chain of
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residue 198 sits close to the chromophore phenolate in the DsRed crystal structure, the

K198M mutation would mainly affect the cis form of the chromophore (the same

conformation as found in other known DsRed variants).  This implies that if

isomerization is the mechanism for photoactivation, the photoactivated form of

mGrape2 is the trans form of the chromophore.

The lack of complete reversibility of photoactivation implies that this

simplistic model of mGrape2 may be insufficient to fully describe its behavior.  A

model for photoactivation that takes into account all of the previous observations,

including the K198M mutant properties, is one in which the conformation of Tyr197

determines the initial chromophore conformation and its ability to be photoactivated.

In viewing the mCherry crystal structure and modeling in the key mutations

responsible for mGrape2 red-shift and photoactivation, it appears that if the

chromophore adopts the trans conformation, Tyr197 could exist in two possible

conformations (see Fig. 2.10).  In conformation I, the Tyr197 side chain fills the space

that would otherwise be occupied by the cis chromophore, and would prevent any

trans to cis isomerization of the chromophore.  In conformation II, the Tyr197 side

chain occupies space below the chromophore, but leaves the space normally occupied

by the cis chromophore empty.  Thus, in conformation II, the chromophore is able to

adopt either the cis or the trans conformation.  In this model, conformation I

corresponds to the fraction of protein that remains red fluorescent in the absence of

photoactivation at 470 nm, while configuration two corresponds to the fraction of

protein that is capable of reversible photoactivation.  The mutation K198M would
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favor conformation II by eliminating an energetically favorable interaction between

the Tyr197 hydroxyl and the Lys198 amine (probably mediated through a water

molecule).  This model is further substantiated by the observation that the Y197F

mutant of mGrape2, which should also eliminate this interaction, remains

photoactivatable, and possesses relatively little non-photoactivatable red fluorescent

component.  This hypothesis should be testable though X-ray crystallography as well

as additional mutagenesis studies.

In order to produce further red-shifted excitation and emission, the residues

critical to producing red-shift in mPlum
4
 were investigated in the context of mGrape2.

A directed library at positions 16, 65, and 161 was constructed using mGrape2 as the

template, and the resulting clones were screened by FACS and by visual inspection for

red-shift.  The most red-shifted clone isolated from this library was dubbed

mGrape2.1, and contains the additional mutations V16T, R17H, and F65M.  The

critical mutations, at 16 and 65, most likely allow a hydrogen bond interaction

between the carbonyl oxygen in the chromophore acylimine and the side chain of

threonine 16.  Similarly to mPlum, this interaction lowers the excited state energy of

the chromophore, leading to a red shift in both excitation and emission.  mGrape2.1

has excitation and emission maxima at 608 nm and 646 nm, respectively, an extinction

coefficient of 33,000 and a fluorescence quantum yield of 0.03, the same as mGrape2

(see Table 2.1 for detailed spectral properties and Fig. 2.11 for spectra; see Fig. 2.12

and Fig. 2.13 for comparison of absorbance and emission spectra, respectively, of the

mGrape variants; see Fig. 2.14 for peptide sequence alignment of mGrape variants).
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Interestingly, mGrape2.1 exhibits substantially less photoactivation behavior than

mGrape2, implying that its chromophore adopts primarily a stably red fluorescent

conformation.

In an attempt to produce a photoactivatable variant of mGrape2.1, the mutation

K198M was introduced into this variant.  As predicted, this led to the increased

presence of a 470 nm absorbance peak in the pre-illumination state of the protein, and

revived the ability of this protein to be reversibly photoactivated.  However, like

mGrape2, mGrape2.1 K198M possesses a substantial amount of red-emitting

chromophore in the pre-activation state, and so does not exhibit a large increase in

fluorescence upon photoactivation.
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Conclusion

This chapter has demonstrated that it is possible to apply rational design and

directed evolution strategies to produce strongly red-shifted variants of mRFP1
2
.

Homology with GFP
3
 was initially used to produce a somewhat red-shifted variant by

! stacking with Tyr197.  Further directed evolution by manual screening then

produced additional red shift and, serendipitously, the capability for reversible

photoactivation.  Additional rational design based on the independently derived red-

shifted variant mPlum
4
 then led to further red shifts in both excitation and emission,

resulting in the longest-wavelength excitation of any known natural or artificially-

engineered fluorescent protein
9, 10

.

Further directions for the design and evolution of red-shifted mRFP1

derivatives should focus first on the improvement of the extinction coefficient

(directly related to folding efficiency) and quantum yield of the mGrape lineage.

While these variants display very respectable wavelength shifts, their dimness and

relative lack of photostability makes them unsuitable for many imaging applications.

Application of SHM-based evolution
4
 to improve brightness, coupled with the use of

long-wavelength excitation (for example, a solid-state 635 nm laser) should allow for

simultaneous selection for additional red-shift and improved brightness.  Because the

quantum yield of these proteins is quite low (0.03), substantial improvements may be

possible.  Selection for enhanced photostability using methods described in Chapter

IV has the potential to give substantial improvements.
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Additional red-shift in excitation and emission wavelength of the mGrape

lineage should eventually yield proteins that facilitate deep-tissue imaging in animal

disease models due to reduced hemoglobin absorption at longer wavelengths.  Red-

shift of the excitation wavelength, in particular, to wavelengths long enough to be

excited by inexpensive solid state lasers would allow the construction of a low-cost

imaging apparatus for such a purpose.  Because the current excitation and emission

maxima of mGrape2.1 are approaching the limits of the human eye for perception of

wavelength shifts, it will be necessary to use a combination of FACS and CCD

camera-based screening with ratiometric imaging to select for the most red-shifted

variants.
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Materials and Methods

Mutagenesis and Screening. mRFP1 Q66M, T195L, I197Y was used as the

initial templates for construction of genetic libraries by a combination of saturation or

partial saturation mutagenesis at particular residues and random mutagenesis of the

whole gene. Random mutagenesis was performed by error-prone PCR as described
11

or by using the GeneMorph I or GeneMorph II kit (Stratagene). Mutations at specific

residues were introduced as described
2
, or by sequential QuikChange (Stratagene), or

by QuikChange Multi (Stratagene).  For all library construction methods, chemically

competent or electrocompetent Escherichia coli strain JM109(DE3) (for pRSETB) or

LMG194 (for pBAD)
12

 were transformed and grown overnight on LB/agar

(supplemented with 0.02% (wt/vol) L-arabinose (Fluka) for pBAD constructs) at 37°C

and maintained thereafter at room temperature. LB/agar plates were manually

screened as previously described
1
. JM109(DE3) colonies of interest were cultured

overnight in 2 ml LB supplemented with ampicillin. LMG194 colonies of interest

were cultured for 8 hours in 2 ml RM supplemented with ampicillin and 0.2% (wt/vol)

D-glucose, and then culture volume was increased to 4 ml with LB/ampicillin. RFP

expression was then induced by adding L-arabinose to a final concentration of 0.2%

(wt/vol) and cultures were allowed to continue growing overnight. For both

JM109(DE3) and LMG194, a fraction of the cell pellet was extracted with B-PER II

(Pierce), and spectra were obtained using a Safire 96-well plate reader with

monochromators (TECAN). DNA was purified from the remaining pellet by QIAprep

spin column (Qiagen) and submitted for sequencing.
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Protein Production and Characterization.  RFPs were expressed from

pBAD vectors in E. coli LMG194 by growing single colonies in 40 ml RM/Amp

supplemented with 0.2% D-glucose for 8 hours, adding 40 ml LB/Amp and L-

arabinose to a final concentration of 0.2%, and incubating overnight at 37°C. For

maturation experiments, flasks were sealed with parafilm upon induction to restrict

oxygen availability. All proteins were purified by Ni-NTA chromatography (Qiagen)

and dialyzed into PBS. Biochemical and fluorescence characterization experiments

were performed as described
13

.

Fluorescence Activated Cell Sorting. A modified version of the protocol

described by Daugherty et al.
14

 was used for FACS screening of large libraries of

fluorescent protein mutants. Briefly, E. coli LMG194 were electroporated with a

modified pBAD vector containing the gene library and the transformed cells were

grown in 30 ml RM supplemented with ampicillin and 0.2% (wt/vol) D-glucose. After

8 hours, RFP expression was induced by adding L-arabinose to a final concentration

of 0.2% (wt/vol). Overnight induced cultures were diluted 1:100 into DPBS

supplemented with ampicillin prior to FACS sorting. Multiple rounds of cell sorting

were performed on a FACSDiva (BD Biosciences) in yield mode for the first sort and

purity or single cell mode for subsequent sorts of the same library. Sorted cells were

grown overnight in 4 ml RM/amp with 0.2% (wt/vol) D-glucose and the resulting

saturated culture was diluted 1:100 into 30 ml RM/Amp with 0.2% (wt/vol) D-glucose

to start the next culture to be sorted. After 3 to 4 rounds of FACS sorting, the bacteria
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were plated onto LB/agar supplemented with 0.02% (wt/vol) L-arabinose and grown

overnight, after which individual clones were screened manually as described above.

Photobleaching measurements.  Aqueous droplets of purified protein in

phosphate-buffered saline were formed under mineral oil in a chamber on the

fluorescence microscope stage. For reproducible results it proved essential to pre-

extract the oil with aqueous buffer, which would remove any traces of autoxidized or

acidic contaminants. The droplets were small enough (5 – 10 !m diameter) so that all

the molecules would see the same incident intensity. The absolute excitation

irradiance in photons/(cm
2
·s·nm) as a function of wavelength was computed from the

spectra of a xenon lamp, the transmission of the excitation filter, the reflectance of the

dichroic mirror, the manufacturer-supplied absolute spectral sensitivity of a miniature

integrating-sphere detector (SPD024 head and ILC1700 meter, International Light

Corp.), and the measured detector current. The predicted rate of initial photon

emission per chromophore (before any photobleaching had occurred) was calculated

from the excitation irradiance and absorbance spectrum (both as functions of

wavelength), and the quantum yield.  The observed photobleaching time courses were

normalized to a common arbitrary standard of 1000 emitted photons/sec as

described
10

.
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Table 2.1.  Spectral properties of red-shifted RFP variants.

Fluorescent

protein
!ex (nm) !em (nm)

"

(M
-1

cm
-1

)
#FL

Brightness

of fully

mature

protein (%

of DsRed)

pKa

t1/2 for

matura-

tion at

37°C

t1/2 for

bleach
a

(s)

mCherry
1

587 610 72,000 0.22 27. < 4.5 15 min 96.

mPlum
4

590 649 41,000 0.10 6.0 < 4.5 100 min. 53.

mGrape1 595 625 50,000 0.03 2.5 < 4.5 ND 13.

mGrape2 605 636 33,000
b

0.03 1.7 6.3
c

ND 1.8

mGrape2.1 608 646 33,000 0.03 1.7 6.3 ND ND

a
Time (s) to bleach to 50% emission intensity, at an illumination level that causes each molecule to emit

1000 photons/sec initially, i.e. before any bleaching has occurred. See Materials and Methods for more

details. For comparison, the value for EGFP
3
 is 160 sec, assuming an extinction coefficient of 56,000

M
-1

cm
-1

 and quantum efficiency of 0.60.
b
After photoactivation.
c
pKa of 636nm emission before or after photoactivation.

ND, not determined.
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Figure 2.1.  Absorbance (dotted line) and emission (solid line) spectra for mGrape1.
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Figure 2.2.  Absorbance (dotted line) and emission (solid line) spectra for mGrape2.
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Figure 2.3.  Absorbance spectra for mGrape2 before (dotted line) and after (solid line)

photoactivation by excitation at 470 nm.
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Figure 2.4.  Time course for reversal of photoactivation at 37° C for mGrape2 (solid

line) and mGrape2 K198M (dotted line).  Samples were photoactivated by

illumination at 470 nm, and emission at 636 nm was measured over time while

samples were incubated in the dark at 37° C.
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Figure 2.5.  Emission spectra for mGrape2 K198M with excitation at 470 nm before

photoactivation (dotted line) and excitation at 590 nm after photoactivation (solid
line).
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Figure 2.6.  Absorbance spectra of partially photoactivated mGrape2 at pH 4 (red), 5

(orange), 6 (yellow), 7 (green), 8 (dark green), 9 (cyan), 10 (blue), and 11 (magenta).

The presence of an anionic chromophore peak at low pH, as well as the constant ratio

between 470 nm and ~585 nm peaks at pH 4 and 5 indicate the presence of at least

two different conformations, each with a different pKa for the chromophore phenolate.



69

Figure 2.7.  Simplified energy level diagram for reversibly photoconvertible

chromophore species of mGrape2.
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Figure 2.8.  Crystal structure model of trans mGrape2 chromophore.  Critical

mutations for red-shift and photoconversion (I161V, T195L, and I197Y) were

modeled into the crystal structure of mCherry
1
 (S. J. Remington and X. Shu, data used

by permission).  With these modifications, both the cis and trans isomers of the

chromophore can be accommodated within the crystal structure.
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Figure 2.9.  Proposed structures for the major conformations of the reversibly

photoactivatable mGrape2 chromophore.  Designations correspond to those in Figure

2.7.
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Figure 2.10.  Model for mGrape2 photoactivation.  The side chain of Tyr197 can

assume one of two conformations.  In conformation I, the chromophore is locked in its

trans conformation.  In conformation II, the chromophore can freely isomerizes

between cis and trans conformations.
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Figure 2.11.  Absorbance (dotted line) and emission (solid line) spectra for

mGrape2.1.
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Figure 2.12.  Comparison of absorbance spectra for mGrape variants and mCherry
1
,

showing the progressive increase in red shift from mCherry (dot-dashed line) to
mGrape1 (dotted line) to mGrape2 (dashed line) to mGrape2.1 (solid line).
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Figure 2.13. Comparison of emission spectra for mGrape variants and mCherry
1
,

showing the progressive increase in red shift from mCherry (dot-dashed line) to

mGrape1 (dotted line) to mGrape2 (dashed line) to mGrape2.1 (solid line).
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Figure 2.14.  Sequence alignment of mGrape variants with mRFP1.  Mutations

relative to mRFP1 (ref. 2) are shaded in red.  GFP-type N and C termini are shaded in

green.
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Chapter 3 – A guide to choosing fluorescent proteins
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Abstract

The recent explosion in the diversity of available fluorescent proteins
1-16

promises a wide variety of novel tools for biological imaging.  With no unified

standard for assessing these tools however, a researcher is faced with difficult

questions.  Which fluorescent proteins are best for general use?  Which are the

brightest?  What additional factors determine which are best for a given experiment?

While 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

fluorescent proteins provides a useful guide in narrowing down the options.
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Introduction

We can begin by stating several general requirements for the successful use of

a fluorescent protein (FP) in an imaging experiment.  First, the FP should express

efficiently and without toxicity in the chosen system, and be bright enough to provide

sufficient signal above autofluorescence to be reliably detected and imaged. Second,

the FP should exhibit sufficient photostability to be imaged for the duration of the

experiment. Third, if the FP is to be expressed as a fusion to another protein of

interest, then the FP should not oligomerize. Fourth, the FP should be insensitive to

environmental effects that could confound quantitative interpretation of experimental

results.  Finally, in multiple-labeling experiments, the set of FPs used should give

minimal crosstalk in their excitation and emission channels.  For more complex

imaging experiments, such as those utilizing Förster resonance energy transfer

(FRET)
17

 or selective optical labeling using photoconvertible FPs
12, 15

, additional

considerations come into play.  General recommendations to help determine the

optimal set of FPs in each spectral class for a given experiment are provided in Table

3.1, along with more detail on each issue discussed below.

Results and Discussion

“Brightness” and expression.  FP vendors typically make optimistic but

vague claims as to the brightness of the proteins they promote.  Purely qualitative

brightness comparisons that fail to provide clear information on the extinction
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coefficient and quantum yield should be viewed with skepticism.  For example, the

newly-released DsRed-monomer (Clontech) is described as “bright,” while in fact it is

the dimmest monomeric red FP (RFP) currently available.

The perceived brightness of a FP is determined by several highly variable

factors, including the intrinsic brightness of the protein (determined by its maturation

speed and efficiency, extinction coefficient, quantum yield, and, in longer

experiments, photostability), the optical properties of the imaging setup (illumination

wavelength and intensity, spectra of filters and dichroic mirrors), and camera or

human eye sensitivity to the emission spectrum.  Although these factors make it

impossible to name any one FP as the brightest overall, it is possible to identify the

brightest protein in each spectral class (when more than one protein is available), as

this depends only on the intrinsic optical properties of the FP.  The brightest proteins

for each class are listed in Tables 3.2 and 3.3, with greater detail on the properties of

each listed protein available in Appendix A.  As discussed below in relation to

photostability, the choice of optimal filter sets is critical to obtaining the best

performance from a FP.

Generally, FPs that have been optimized for mammalian cells will express well

at 37°C but some proteins may fold more or less efficiently.  We have not done

extensive tests in mammalian cells to determine relative efficiency of folding and

maturation at 37°C versus lower temperatures, but expression of proteins in bacteria at

37°C versus 25°C gives some indication of the relative efficiencies.  These
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experiments suggest that there are several proteins that do not mature well at 37°C.

Indications of potential folding inefficiency at 37°C should not be taken with absolute

certainty however, since additional chaperones and other differences between

mammalian cells and bacteria (and even variations between mammalian cell lines)

could have substantial influences on folding and maturation efficiency.

Generally, modern Aequorea-derived fluorescent proteins (AFPs) fold

reasonably well at 37°C – in fact, several recent variants have been specifically

optimized for 37°C expression.  The UV-excitable variant T-Sapphire
6
 and the yellow

AFP (YFP) variant Venus
1
 are examples of these.  The best green GFP variant,

Emerald
18

, also folds very efficiently at 37°C compared with its predecessor, EGFP.

The only recently developed AFP that performed poorly in our tests was the cyan

variant CyPet
2
, which folded well at room temperature but poorly at 37°C.  All

orange, red, and far-red FPs (with the exception of J-Red and DsRed-monomer) listed

in Tables 3.2 and 3.3 perform well at 37°C.

An additional factor affecting the maturation of FPs expressed in living

organisms is the presence or absence of molecular oxygen.  The requirement for O2 to

dehydrogenate amino acids during chromophore formation has two important

consequences: 1) each molecule of AFP should generate one molecule of H2O2 as part

of its maturation process
18

, and the longer-wavelength FPs from corals probably

generate two
19

.  2) Fluorescence formation is prevented by rigorously anoxic

conditions (< 0.75 mM O2), but is readily detected at 3 mM O2 (ref. 20). Even when
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anoxia initially prevents fluorophore maturation, fluorescence measurements are

usually done after the samples have been exposed to air
21

.

Photostability.  All FPs eventually photobleach upon extended excitation,

though at a much lower rate than many small-molecule dyes (see Tables 3.2 and 3.3).

In addition, there is substantial variation in the rate of photobleaching between

different FPs – even between FPs with otherwise very similar optical properties.  For

experiments requiring a limited number of images (around 10 or fewer), photostability

is generally not a major factor, but choosing the most photostable protein is critical to

success in experiments requiring large numbers of images of the same cell or field.

A unified characterization of FP photostability has until now been lacking in

the scientific literature.  While many descriptions of new FP variants include some

characterization of their photostability, the methods used for this characterization are

highly variable and the resulting data are impossible to compare directly.  Because

many FPs display complex photobleaching curves and require different excitation

intensities and exposure times, a standardized treatment of photostability must take all

these factors into account.

To provide a basis for comparing the practical photostability of FPs, we have

measured photobleaching curves for all of the FPs listed in Tables 3.2 and 3.3 under

conditions that effectively simulate wide-field microscopy of live cells
4
.  Briefly,

aqueous droplets at pH 7 of purified FPs were formed under mineral oil in a chamber
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that allows imaging on a fluorescence microscope.  Droplets with volumes comparable

to typical mammalian cells were photobleached with continuous illumination while

recording images periodically to generate a bleaching curve.  To account for

differences in brightness between proteins and efficiency of excitation in our

microscope setup, we normalized each bleaching curve to account for the extinction

coefficient and quantum yield of the FP, the emission spectrum of the arc lamp used

for excitation, and the transmission spectra of the filters and other optical path

components of the microscope (see ref.
 
4 and Methods for additional description of

bleaching calculations). This method of normalization provides a practical

measurement of how long each FP will take to lose 50% of an initial emission rate of

1000 photons/sec.  Because dimmer proteins will require either higher excitation

power or longer exposures, this method of normalization provides a realistic picture of

how different FPs will perform in an actual experiment imaging populations of FP

molecules. Bleaching experiments in parallel for several (but not all) of the FPs listed

in Tables 3.2 and 3.3 expressed in live cells gave time courses closely matching those

of purified proteins in microdroplets.

Based on our photobleaching assay results, it is clear that photostability can be

highly variable between different FPs, even those of the same spectral class. Taking

into account brightness and folding efficiencies at 37°C, the best proteins for long-

term imaging are the monomers mCherry and mKO.  The red tandem dimer tdTomato

is also highly photostable and may be used when the size of the fusion tag is not of

great concern. Tables 3.2 and 3.3 indicate the relative photostability of proteins in
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each spectral class.   Some AFPs, such as Cerulean, displayed illumination intensity-

dependent fast bleaching components, and so photobleaching curves were taken at

lower illumination intensities where this effect was less pronounced.  The GFP variant

Emerald displayed a very fast initial bleaching component that led to an extremely

short time to 50% bleach.  However, after this initial fast bleaching phase, its

photostability decayed at a rate very similar to that of EGFP.  YFPs, with the

exception of Venus, display reasonably high photostability, and so YFP selection

should be guided by brightness, environmental sensitivity, or FRET performance (see

Table 3.1 for greater detail and for general recommendations for all spectral classes,

and Fig. 3.1 for example bleaching curves).

Our method of measuring photobleaching has some limitations in its

applicability to different imaging modalities, such as laser scanning confocal

microscopy.  While we believe that our measurements are valid for excitation light

intensities typical of standard epifluorescence microscopes with arc lamp illumination

(up to 10W/cm
2
), higher intensity (e.g. laser) illumination (typically >> 100 W/cm

2
)

evokes non-linear effects that we cannot predict with our assay.  For example, we have

preliminary indications that while the first monomeric red FP, mRFP1, shows

approximately 10-fold faster photobleaching than the second-generation monomer

mCherry, both appear to exhibit similar bleaching times when excited at 568nm on a

laser scanning confocal microscope.  The CFP variant Cerulean appears more

photostable than ECFP with laser illumination on a confocal microscope
3
 but appears

less photostable than ECFP with arc lamp illumination.   Such inconsistencies between
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bleaching behavior at moderate versus very high excitation intensities are likely to

occur with many FPs. Single molecule measurements will be even less predictable

based on our population measurements, because our extinction coefficients are

averages that include poorly folded or nonfluorescent molecules, whereas single-

molecule observations exclude such defective molecules.

It is critical to choose filter sets wisely for experiments that require long-term

or intensive imaging.  Choosing sub-optimal filter sets will lead to markedly reduced

apparent photostability due to the need to use longer exposure times or greater

illumination intensities to obtain sufficient emission intensity.

Oligomerization and toxicity.  Unlike weakly dimeric AFPs, most newly-

discovered wild-type FPs are tightly dimeric or tetrameric
7, 9-12, 14, 22

.  However, many

of these wild-type proteins can be engineered into monomers or tandem dimers

(functionally monomeric though twice the molecular weight), which can then undergo

further optimization
4, 10, 12, 17

.  Thus, while the issue of oligomerization caused

substantial trouble in the earlier days of red fluorescent proteins (RFPs), there are now

highly optimized monomers or tandem dimers available in every spectral class.  While

most AFPs are in fact very weak dimers, they can be made truly monomeric simply by

introducing the mutation A206K, generally without deleterious effects
23

.  Thus, any of

the recommended proteins in Tables 3.2 and 3.3 should be capable of performing well

in any application requiring a monomeric fusion tag.  Researchers should remain

vigiliant to this issue, however, and always verify the oligomerization status of any
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novel or “improved” FPs that are released. Lack of visible precipitates does not rule

out oligomerization at the molecular level.

It is rare for FPs to show obvious toxic effects in most cells in culture, but care

should always be taken to do the appropriate controls when exploring new cell lines or

tissues. Since so many new FPs have become available, it is unknown whether any

may be substantially more toxic to cells than AFPs.  In our hands, tetrameric proteins

can be somewhat toxic to bacteria, especially if they display a substantial amount of

aggregation, but monomeric proteins are generally non-toxic. It seems difficult or

impossible to generate transgenic mice widely expressing tetrameric RFPs, whereas

several groups have successfully obtained mice expressing monomeric RFPs
24, 25

.

Environmental sensitivity.  When images must be quantitatively interpreted,

it is critical that the fluorescence intensity of the protein used not be sensitive to

factors other than those being studied.  Early YFP variants were relatively chloride

sensitive, a problem that has been solved in the Citrine and Venus (and likely YPet)

variants
1, 2, 16

.  Most FPs also possess some degree of acid sensitivity.  For general

imaging experiments, all FPs listed in Tables 3.2 and 3.3 possess sufficient acid

resistance to perform reliably.  However, more acid-sensitive FPs may give poor

results when targeted to acidic compartments such as the lumen of lysosomes or

secretory granules, and may confound quantitative image interpretation if a given

stimulus or condition leads to altered intracellular pH.  Because of this, one should

avoid using mOrange
4
, GFPs, or YFPs for experiments in which acid quenching could
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produce artifacts. Conversely, the pH sensitivity of these proteins can be very valuable

to monitor organellar luminal pH or exocytosis
26, 27

.

Multiple labeling.  One of the most attractive prospects presented by the

recent development of such a wide variety of monomeric FPs is for multiple labeling

of fusion proteins in single cells.  While linear unmixing systems promise the ability

to distinguish between large numbers of different fluorophores with partially

overlapping spectra
28

, it is possible even with a simpler optical setup to clearly

distinguish between three or four different FPs.  Using the filter sets recommended in

Table 3.4, one may image cyan, yellow, orange, and red (Cerulean or CyPet, any

YFP, mOrange or mKO, and mCherry) simultaneously with minimal crosstalk.  To

produce even cleaner spectral separation, one could image cyan, orange, and far-red

(Cerulean or CyPet, mOrange or mKO, and mPlum)
2, 4, 5, 10

.

Additional concerns for complex experiments.  For more complex imaging

experiments, additional factors come into play when choosing the best genetically

encoded fluorescent probe, many of which are beyond the scope of this perspective.

For FRET applications, the choice of appropriate donor and acceptor FPs may be

critical, and seemingly small factors (such as linker length and composition for

intramolecular FRET constructs) may play a substantial role.  The recent development

of the FRET-optimized cyan-yellow pair CyPet and YPet holds great promise for the

improvement of FRET sensitivity
2
, and is the current favorite as a starting point for

new FRET sensors, but has yet to be proven in a wide variety of constructs.  For
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experiments requiring photoactivatable or photoconvertible tags, several options are

available, including photoactivatable GFP (PA-GFP)
15

 and monomeric RFP (PA-

mRFP)
13

, reversibly photoswitchable Dronpa
29

, the tetrameric kindling fluorescent

protein (KFP)
9
, and the green-to-red photoconvertible proteins KikGR

14
 and EosFP

12

(the latter is available as a bright tandem dimer) and cyan-to-green photoconvertible

monomer PS-CFP
8
.  A more detailed (but probably not exhaustive) list of options for

these more advanced applications of FPs are listed in Table 3.5.  In addition, a recent

review is available detailing the potential applications of photoactivatable FPs
30

.

Future developments.  While the current set of FPs has given researchers an

unprecedented variety of high-performance options, there are still many areas that

could stand improvement.  In the future, monomeric proteins with greater brightness

and photostability will allow for even more intensive imaging experiments, efficiently

folding monomeric photoconvertible proteins will improve our ability to perform

photolabeling of fusion proteins, FRET pairs engineered to be orthogonal to the

currently used CFP-YFP pairs will allow imaging of multiple biochemical activities in

the same cell, and the long-wavelength end of the FP spectrum will continue to

expand, allowing for more sensitive and efficient imaging in thick tissue and whole

animals.  By applying the principles put forth here, researchers may evaluate each new

development in the field of FPs and make an informed decision as to whether it fits

their needs.
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Materials and Methods

Protein Production and Characterization. RFPs were expressed from pBAD

vectors in E. coli LMG194 by growing single colonies in 40 ml RM/Amp

supplemented with 0.2% D-glucose for 8 hours, adding 40 ml LB/Amp and L-

arabinose to a final concentration of 0.2%, and incubating overnight at 37°C. For

maturation experiments, flasks were sealed with parafilm upon induction to restrict

oxygen availability. All proteins were purified by Ni-NTA chromatography (Qiagen)

and dialyzed into PBS. Biochemical and fluorescence characterization experiments

were performed as described
5
.

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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I = EL(!)F(!)D(!)J(!)M(!)d!" # EL(!)F(!)D(!)J(!)M(!)$!
400nm

700nm

%

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 cm
3
/liter)(ln 10) #(!)/(6.023 x 10

23
/mole) =

(3.82 x 10
-21

 cm
3
·M)· #(!). Thus:

!" #$=
nm

nm

DFLAEdDFLAEX

700

400

)()()()()/()()()()()/( %%&%%%%%&%%%

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)]
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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.
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Table 3.1. Recommendations by Spectral Class.

Far-red.  mPlum is the only reasonably bright and photostable far-red monomer available.

While not as bright as many shorter-wavelength options, it should be used when spectral

separation from other FPs is critical, and may give some advantage when imaging thicker

tissues. AQ143, a mutated anemone chromoprotein, has comparable brightness (! = 90

(mM•cm)
-1

, QY = 0.04) and even longer wavelengths (ex 595, em 655 nm), but is still

tetrameric
31

.

Red.  mCherry is the best general-purpose red monomer due to its superior photostability.  Its

predecessor mRFP1 is now obsolete. The tandem dimer tdTomato is equally photostable but

twice the molecular weight, and may be used when fusion tag size does not interfere with

protein function.  mStrawberry is the brightest red monomer, but is less photostable than

mCherry, and should be avoided when photostability is critical. J-Red and DsRed-monomer

are not recommended.

Orange.  mOrange is the brightest orange monomer, but should not be used when

photostability is critical or when targeted to regions of low or unstable pH.  mKO is

extremely photostable and should be used for long-term or intensive imaging experiments or

when targeting to an acidic or pH-unstable environment.

Yellow-green.  The widely used variant EYFP is obsolete and inferior to mCitrine, Venus,

and YPet.  Each of these should perform well in most applications.  YPet should be used in

conjunction with the CFP variant CyPet for FRET applications.

Green.  While it possesses a more pronounced fast bleaching component than the common

variant EGFP, the newer variant Emerald exhibits far more efficient folding at 37°C and will

generally perform much better than EGFP.

Cyan.  Cerulean is the brightest CFP variant and folds most efficiently at 37°C, and so is

probably the best general-purpose CFP.  However, its photostability under arc-lamp

illumination is much lower than that of other CFP variants.  CyPet appears superior to mCFP

in that it has a somewhat more blue-shifted and narrower emission peak, and displays

efficient FRET with YFP variant YPet, but expresses relatively poorly at 37°C.

UV-Excitable Green.  T-Sapphire is potentially useful as a FRET donor to orange or red

monomers.
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Table 3.2.  Properties of the best fluorescent protein variants, part 1.
f

Class Protein Source (Ref.)
!ex

(nm)
a

!em

(nm)
b Brightness

c
Photostability

d
pKa Oligomerization

Far-red mPlum Tsien (5) 590 649 4.1 53 <4.5 monomer

Red mCherry Tsien (4) 587 610 16 96 <4.5 monomer

 tdTomato Tsien (4) 554 581 95 98 4.7 tandem dimer

 mStrawberry Tsien (4) 574 596 26 15 <4.5 monomer

 J-Red
e

Evrogen 584 610 8.8
†

13 5.0 dimer

 

DsRed-

Monomer
e

Clontech 556 586 3.5 16 4.5 monomer

Orange mOrange Tsien (4) 548 562 49 9.0 6.5 monomer

 mKO

MBL Intl.

(10) 548 559 31
†

122 5.0 monomer

a 
Major excitation peak
b 
Major emission peak
c  

Product of extinction coefficient and quantum yield at pH 7.4 measured or 
†
confirmed in our

laboratory under ideal maturation conditions, in (mM•cm)
-1

 (for comparison, free fluorescein at pH 7.4

has a brightness of about 69 (mM•cm)
-1

)
d  

time for bleaching from an initial emission rate of 1000 photons/s down to 500 photons/s (for

comparison, fluorescein at pH 8.4 has t1/2 of 5.2 s); not indicative of photostability under focused laser

illumination
e
Not recommended
f
An expanded version of this table, including a list of other commercially available FPs, is available in

Appendix A.
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Table 3.3.  Properties of the best fluorescent protein variants, part 2.
 i, j

Class Protein
Source

(Ref.)

!ex

(nm)
a

!em

(nm)
b Brightness

c
Photostability

d
pKa Oligomerization

Yellow-

green mCitrine
f

Tsien (16,

23) 516 529 59 49 5.7 monomer

 Venus

Miyawaki

(1) 515 528 53
†

15 6.0 weak dimer
e

 YPet

Daugherty

(2) 517 530 80
†

49 5.6 weak dimer
e

 EYFP

Invitrogen

(18) 514 527 51 60 6.9 weak dimer
e

Green Emerald

Invitrogen

(18) 487 509 39 0.69
k

6.0 weak dimer
e

 EGFP Clontech
g

488 507 34 174 6.0 weak dimer
e

Cyan CyPet

Daugherty

(2) 435 477 18
†

59 5.0 weak dimer
e

 mCFP
h

Tsien (23) 433 475 13 64 4.7 monomer

 Cerulean Piston (3) 433 475 27
†

36 4.7 weak dimer
e

UV-

excitable

Green T-Sapphire

Griesbeck

(6) 399 511 26
†

25 4.9 weak dimer
e

a 
Major excitation peak

b 
Major emission peak

c  
Product of extinction coefficient and quantum yield at pH 7.4 measured or 

†
confirmed in our

laboratory under ideal maturation conditions, in (mM•cm)
-1

 (for comparison, free fluorescein at pH 7.4

has a brightness of about 69 (mM•cm)
-1

)
d  

time for bleaching from an initial emission rate of 1000 photons/s down to 500 photons/s (for

comparison, fluorescein at pH 8.4 has t1/2 of 5.2 s); not indicative of photostability under focused laser

illumination
e 
Can be made monomeric with A206K mutation

f
Citrine YFP with A206K mutation; spectroscopic properties equivalent to Citrine

g 
Formerly sold by Clontech, no longer commercially available

h 
ECFP with A206K mutation; spectroscopic properties equivalent to ECFP

i 
An expanded version of this table, including a list of other commercially available FPs, is available in

Appendix A.
j 
The mutations of all common AFPs relative to the wild-type protein are provided in Table 3.6

k 
Emerald displays a pronounced fast bleaching component that leads to a very short time to 50%

bleach.  However, its photostability after the initial few seconds is comparable to EGFP.
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Table 3.4.  Recommended filter sets.

Fluorescent protein Excitation
a,b

Emission
a,b

Cerulean or CyPet 425/20 480/40Multiple Labeling

mCitrine or YPet 495/10 525/20

mOrange or mKO 545/10 575/25

mCherry 585/20 675/130

mPlum 585/20 675/130

T-Sapphire 400/40 525/80Single Labeling

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

a
 Values given as center/bandpass (nm)

b 
Bandpass filters with the steepest possible cutoff are strongly preferred.
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Table 3.5.  Starting points for advanced applications.

Class Protein
Source

(Reference)

!ex

(nm)
a

!em

(nm)
b

"
 c

(M
-1

cm
-1

)
#FL

d
Oligomerization

PA-GFP

Lippincott-

Schwartz

(15)

504 517 17,400 0.79
monomer

(weak dimer)

Dronpa
MBL Intl.

(29)
503 518 95,000 0.85 monomer

PA-mRFP
Verkhusha

(13)
578 605 10,000 0.08 monomer

Photoactivatable

KFP
Evrogen

(9)
580 600 59,000 0.07 tetramer

        

mEosFP
Wiedenmann

(12)
505/569 516/581 67,200/37,000 0.64/0.62 monomer

tdEosFP
Wiedenmann

(12)
505/570 516/582 84,000/33,000 0.66/0.60 tandem dimer

KikGR
MBL Intl.

(14)
507/583 517/593 28,200/32,600 0.70/0.65 tetramer

Photoconvertible

PS-CFP2
Evrogen

(8)
400/490 468/511 43,000/47,000 0.2/0.23 monomer

a,b,c,d 
Before/after photoconversion
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Table 3.6.  Mutations of AFPs Relative to Wild-type GFP.

GFP variant Mutations relative to wtGFP

EGFP
a,b

F64L, S65T

Emerald
a

F64L, S65T, S72A, N149K, M153T, I167T

EYFP
a,b

S65G, V68L, S72A, T203Y

mYFP
a,b

S65G, V68L, Q69K, S72A, T203Y, A206K

Citrine
a,b

S65G, V68L, Q69M, S72A, T203Y

mCitrine
a,b

S65G, V68L, Q69M, S72A, T203Y, A206K

Venus
b

F46L, F64L, S65G, V68L, S72A, M153T, V163A, S175G, T203Y

YPet

F46L, I47L, F64L, S65G, S72A, M153T, V163A, S175G, T203Y, S208F,

V224L, H231E, D234N

ECFP
a,b

F64L, S65T, Y66W, N149I, M153T, V163A

mCFP
a,b

F64L, S65T, Y66W, N149I, M153T, V163A, A206K

Cerulean
a,b

F64L, S65T, Y66W, S72A, Y145A, H148D, N149I, M153T, V163A

CyPet

T9G, V11I, D19E, F64L, S65T, Y66W, A87V, N149I, M153T, V163A, I167A,

E172T, L194I

EBFP
b

F64L, S65T, Y66H, Y145F

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

a
Some clones of Aequorea fluorescent proteins contain additional mutations believed to be neutral, such

as K26R, Q80R, N146H, H231L, etc. variants
b
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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Figure 3.1.  Example Photobleaching Curves.  mCherry (a) is close to single-

exponential, while Emerald GFP (b) is markedly biphasic.
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Chapter 4 – Directed evolution of monomeric red and orange fluorescent

proteins for enhanced photostability
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Abstract

All organic fluorophores undergo irreversible photobleaching during prolonged

illumination.  While fluorescent proteins typically bleach at a substantially slower rate

than many small molecule dyes, lack of photostability remains an important limiting

factor for many experiments requiring large numbers of images of single cells
1
.

Screening methods focusing solely on brightness or wavelength are highly effective in

optimizing both properties, but the absence of selective pressure for photostability in

such screens leads to unpredictable photobleaching behavior in the resulting

fluorescent proteins.  The first-generation monomeric red fluorescent protein, mRFP1,

while reasonably bright, suffered a substantial decrease in photostability compared to

its ancestor, Discosoma sp. red fluorescent protein (DsRed)
2
.  In subsequent

generations of mRFP1 variants, we observed serendipitous enhancement in

photostability in some variants
3
, leading us to believe that it would be possible to

apply directed evolution strategies to this property as well.  In the current work, we

report the development of an assay to screen large libraries of fluorescent proteins for

enhanced photostability, leading to the development of highly photostable monomeric

orange and red fluorescent proteins derived from the fast-bleaching mRFP1 derivative

mOrange
3
.
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Introduction

In the past several years, substantial progress has been made in the

development of monomeric or dimeric fluorescent proteins covering the entire visual

spectrum
2-12

.  However, since the engineering of these proteins has focused mainly on

optimizing wavelength shifts and brightness, little attention has been paid to

photostability.  As a result, many novel fluorescent protein variants have relatively

poor photostability.  For example, the recently developed dimer J-Red (derived from

an anthomedusa chromoprotein
13

) has excitation, emission, and overall brightness

similar to the monomer mRFP1, but is only twice as photostable
1
, and so does not

represent a substantial improvement.  To extend the utility of the existing set of

fluorescent proteins, having optimized them for many other properties, we must now

focus on improving their photostability.

While previous screening methods focused on identifying the brightest

fluorescent proteins present in a genetic library, our new screening method

additionally queries photostability in a medium-throughput format.  This selection

scheme allows us to select simultaneously for the most photostable mutants that also

maintain an acceptable level of fluorescence emission at the desired wavelength,

minimizing the tradeoff of desirable properties that frequently results from single-

parameter screens.
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Results and Discussion

The mRFP1 variant mCherry exhibits very similar excitation and emission

spectra to mRFP1, but has improved maturation efficiency and over 10-fold greater

photostability.  By gathering photobleaching curves for intermediate mutants produced

during mCherry directed evolution, we determined that the M163Q mutation present

in mCherry was wholly responsible for its increased photostability (data not shown).

Residue 163 sits immediately adjacent to the chromophore phenolate, and is occupied

by a lysine in wild-type DsRed that forms a salt bridge with the chromophore
14

.

To simulate illumination conditions on a typical epifluorescence microscope

setup, we utilized a solar simulator, which produces a collimated beam of light

approximately 10cm in diameter from a 1600 W mercury arc lamp.  This illumination

intensity, while approximately 100- to 200-fold lower than that produced by arc lamp

illumination on a microscope with no neutral density filters, is sufficient to

photobleach the highly photolabile fluorescent protein mOrange to 50% initial

intensity after approximately 10 minutes.  This reasonably short time for

photobleaching entire plates of bacteria expressing fluorescent proteins allowed us to

screen libraries of up to 100,000 clones.  Heating of plates was minimized by using a

cold mirror to eliminate infrared light from the solar simulator beam and by placing

the bacteria plates in a custom-built water-cooled aluminum block.  At wavelengths

necessary to photobleach orange and red fluorescent proteins, we found no substantial

decrease in bacterial viability after as long as 60 minutes of continuous illumination.
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We first attempted to simultaneously evolve a brighter and more photostable

red fluorescent monomer.  The relatively photostable variant mCherry exhibits red

fluorescence with a pKa of < 4.5, with a quantum yield of 0.22.  However, at very

high pH, we observed that this variant undergoes a transition to a higher-quantum

yield (~0.50) blue-shifted (ex. 568 nm, em. 592 nm) form with a pKa of about 9.5.

Since a similar effect was observed in the early stages of the evolution of mOrange
3
,

we reasoned that introducing the mutations T66Q or T66M into mOrange (thus

restoring red fluorescence) might allow us to find a high-quantum yield red

fluorescent variant with a pKa in a practical range.

As predicted, the mOrange T66Q mutant exhibited red fluorescence similar to

mCherry, but with a pKa for transition to high-quantum yield red fluorescence at a

lower value than mCherry (around 8.0) (data not shown).  One round of directed

evolution led to the first low-pKa bright red mutant, mApple0.1, which had a pKa of

6.4.  This mutant, however, exhibited rapid photobleaching (data not shown) and had a

substantial fraction of dead-end green chromophore which was brightly fluorescent.

Subsequent rounds of directed evolution led to the introduction of the mutation

M163K, which simultaneously increased photostability markedly and led to almost

complete red chromophore maturation.  With each round of directed evolution, we

included both photostability screening and brightness screening, so this increase of

photostability was maintained with each generation.
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After 5 rounds of directed evolution, our final variant, mApple, possesses 14

mutations relative to mOrange and 17 mutations relative to mCherry.  With a quantum

yield of 0.49 and extinction coefficient of 75,000 M
-1
•cm

-1
, mApple is more than

twice as bright as mCherry.  Its reasonably fast maturation time of approximately 30

minutes should additionally allow rapid detection when expressed in cells (see Fig. 4.1

for spectra and Table 4.1 for detailed properties).

When mApple is subjected to constant illumination, mApple undergoes a very

small amount of photoactivation, and also displays unusual reversible photoswitching

behavior that leads to a reduction in fluorescence emission of ~70% after several

seconds of illumination (Fig. 4.2).  This decrease in emission reverses fully within 10

seconds when illumination is discontinued, and this cycle of photoswitching and

reversal appears to be repeatable indefinitely (data not shown).  In our standard

photobleaching assay, which utilizes constant illumination, mApple displays a short

photobleaching t1/2 of 4.8 seconds (see Table 4.1).  For practical purposes, mApple’s

photoswitching behavior can be almost completely avoided by imaging with

intermittent illumination (as is generally done in most imaging experiments) rather

than constant illumination (necessary for video-rate microscopy).  To demonstrate

this, we performed a simulated imaging experiment, using a 10% neutral density filter,

exposures of 200ms every 5 seconds.  Under these conditions, mApple performed

between 3- and 4-fold better than the commonly used Aequorea green fluorescent

protein variant EGFP (Fig 4.3), making it by far the most photostable monomeric

fluorescent protein yet tested.
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To further elucidate possible mechanisms for reversible photoswitching

behavior, we measured the photobleaching curve for mApple at pH 10, and found that

under these conditions, the fast reversible photobleaching component was

substantially reduced (photobleaching t1/2 increased approximately 10-fold) (Fig 4.4).

This dramatic reduction of reversible photoswitching at alkaline pH suggests that the

photoswitching is due to a reversible protonation event.  Because mApple does not

become completely non-fluorescent, but simply decreases in intensity upon

photoswitching, protonation of the chromophore is an unlikely mechanism.  Similarly,

because this behavior is pH dependent and reverses on such a fast time scale (t1/2 < 5

seconds), cis-to-trans isomerization of the chromophore (discussed in more detail

below) is an equally unlikely explanation for this phenomenon.  Thus, transient

protonation of glutamate 215 is the most likely mechanism for reversible

photoswitching.

We next attempted to engineer a photostable variant of mOrange, which,

though it is the brightest of the previously engineered mRFP1 variants, exhibits

relatively fast bleaching.  Because substitutions at position 163 successfully improved

photostability during the evolution of both mCherry and mApple, we initially tested

the M163Q mutant of mOrange, but found that its several-fold enhanced photostability

was accompanied by undesirable decreases in quantum yield and maturation

efficiency.  The M163K mutant of mOrange exhibited substantially enhanced

photostability, but unfortunately suffered from increased acid sensitivity (pKa ~7.0).



114

Because another orange fluorescent protein, mKO (derived from Fungia concinna)
7
, is

both highly photostable
1
 and possesses a methionine the position equivalent to 163 in

DsRed, we reasoned that other pathways must exist for increasing photostability in our

orange monomer.

To explore alternative photostability-enhancement evolution pathways, we

used iterative random and directed mutagenesis with selection using the solar

simulator.  Initially, a randomly mutagenized library of mOrange was screened by

photobleaching on the solar simulator for 15 to 20 minutes per plate and selecting the

brightest clones post-bleaching.  This screen identified a single clone, mOrange F99Y,

which had approximately two-fold improved photostability over mOrange (data not

shown).  Saturation mutagenesis of residue 99 and residues 97 and 163, which we

imagined could have synergistic interactions with residue 99, did not yield further

improvements.

We then constructed a randomly mutagenized library of mOrange F99Y, and

again screened by photobleaching on the solar simulator, this time increasing

illumination time to 40 minutes per plate.  This round of screening identified the

additional mutation Q64H, which conferred a remarkable ~10-fold increase in

photostability over the F99Y single mutant.  Again, saturation mutagenesis of residues

64, 99, and surrounding residues failed to produce clones that were improved over the

original clone identified in the random screen.  Additionally, we found that the Q64H

mutation alone did not confer substantially enhanced photostability, but rather
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required the presence of the F99Y mutation (data not shown).  Two further rounds of

directed evolution improved the folding efficiency of this variant, giving the final

clone, mOrange2, which has the additional mutations E160K and G196D.

The highly desirable increase in photostability achieved in mOrange2 is

balanced by a modest decrease in quantum yield (0.60 versus 0.69) and extinction

coefficient (58,000 versus 72,000), together corresponding to a 30% decrease in

brightness.  It also exhibits slightly shifted excitation and emission peaks (549nm and

565nm) and an increased maturation half-time (4.5 hours versus 2.5 hours).  However,

its photostability is over 25-fold greater than that of mOrange (Fig. 4.2), making it

nearly twice as photostable as mKO, the previously most photostable known orange

monomer (see Fig 4.5 for spectra and Table 4.1 for detailed properties).  When

evaluated using the same intermittent imaging protocol used for mApple, we found

that mOrange2 was about 25% as photostable as mApple, though very comparable in

photostability to EGFP (Fig. 4.3).  Curiously, the brightness and maturation time of

mOrange2 are also quite similar to those for mKO.  mOrange2 remains acid-sensitive

with a pKa of 6.5, making it undesirable for targeting to acidic compartments, but

attractive as a marker for exocytosis or other pH-variable processes.

To determine whether the combination of Q64H and F99Y mutations could

confer enhanced photostability on related fluorescent protein variants, we introduced

these mutations into mRFP1
2
, the second-generation variant mCherry

3
, and mApple

(described above).  As with mOrange, the Q64H mutation alone did not lead to an
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increase in photostability of any of these variants (data not shown).  However, the

combination of Q64H and F99Y conferred an ~11-fold increase in photostability to

mRFP1, making it as photostable as its successor, mCherry (Fig. 4.6).  Interestingly,

the combination of Q64H and F99Y did not alter the photostability of mCherry or

mApple at all (data not shown), suggesting that this combination of mutations

specifically enhances photostability in mRFP1 variants possessing methionine at

position 163.  This may further indicate that substitutions at 163 enhance

photostability by the same mechanism as the Q64H + F99Y double mutation.

To determine if photobleaching was occurring through an oxidative

mechanism, we measured bleaching curves for mOrange and mOrange2 before and

after removing O2 by equilibration of the bleaching chamber under N2.  Anoxia led to

a dramatic increase in mOrange photobleaching half-time (approximately 25-fold, see

Fig. 4.7), indicating that the primary mechanism for mOrange photobleaching under

normoxic conditions is oxidative.  Interestingly, anoxia had virtually no effect on the

photobleaching curve of mOrange2 (Fig. 4.8), other than to eliminate the small

amount of photoactivation, suggesting that its primary bleaching mechanism is

fundamentally different from that of mOrange, and that the Q64H and F99Y mutations

have eliminated the oxidative pathway for photobleaching.

While it is difficult to draw strong conclusions from the observed mutations

resulting in greater photostability, it is clear that specific regions proximal to the

chromophore have a large influence on the modes of photobleaching the protein is



117

able to undergo.  It has been recently shown that DsRed, when illuminated by a 532nm

pulsed laser, undergoes decarboxylation of Glu215, as well as cis-to-trans

isomerization of the chromophore
15

.  Chromophore isomerization has been implicated

in the photoswitching behavior of kindling fluorescent protein (KFP)
16, 17

.  It has also

previously been observed in Aequorea GFP variants that decarboxylation of the

corresponding glutamate (position 222) can lead to changes in optical properties
18-20

.

However, our observation that oxidation plays a large role in mOrange photobleaching

suggests that for fast-bleaching proteins such as mOrange and mRFP1, chromophore

isomerization and Glu215 decarboxylation may play only a minor role.  Additionally,

we found no evidence by mass spectrometry that photobleaching using the solar

simulator led to any detectable decarboxylation of Glu215 in mOrange.

For mRFP1 variants, we have clearly observed the importance of residue 163

in influencing photostability, but also have seen somewhat context-specific effects of

163 and surrounding residues on different wavelength-shifted variants.  This region,

comprised of residues 64, 97, 99, and 163, appears to be of critical importance in

determining the photostability of these monomers  (see Fig. 4.9 for an illustration of

the side chains of residues 64, 99, and 163 relative to the chromophore in the DsRed

crystal structure
14

).  However, of these, only residue 163 is in direct contact with the

chromophore.  It may be that the mutations Q64H and F99Y together lead to a

rearrangement of the other side chains in the vicinity of the chromophore so as to

hinder a critical oxidation that leads to loss of fluorescence.
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Conclusion

We have demonstrated that a directed evolution approach utilizing high-

throughput photostability selection can be successfully applied to the development of

mRFP1-derived fluorescent proteins with enhanced photostability.  This approach is

expected to be applicable to any of the large number of existing fluorescent proteins,

and, with modifications, could also be useful in selecting for more efficient

photoconvertible and photoswitchable fluorescent proteins
4, 6, 11, 16, 21-25

.  Possible

enhancements to this selection technique could include time-lapse imaging of bacterial

plates during bleaching to enable direct selection for the longest bleaching half-time

(independent of absolute brightness) and the use of higher intensity illumination to

select against non-linear photobleaching behavior.  Future efforts to improve mApple

should focus on suppression of its reversible photoswitching behavior such that this

remarkably photostable protein can be used for video-rate imaging and single-

molecule detection.
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Materials and Methods

Mutagenesis and screening.  mOrange
3
 was used as the initial template for

library construction by random mutagenesis.  Error-prone PCR was performed using

the GeneMorph II kit (Stratagene) following the manufacturer’s protocol, using

primers containing BamHI and EcoRI sites as previously described.  Error-prone PCR

products were digested with BamHI and EcoRI and ligated into a modified pBAD

vector (Invitrogen). Site-directed mutagenesis was performed using the QuikChange II

kit (Stratagene) following the manufacturer’s protocol.  For all libraries, chemically

competent or electrocompetent Escherichia coli strain LMG194 (Invitrogen) were

transformed and grown overnight on LB/agar supplemented with 50 !g/mL ampicillin

(Sigma) and 0.02% (wt/vol) L-arabinose (Fluka) at 37°C.  Whole plates of bacteria

were photobleached for 10 to 45 minutes on a solar simulator with 1600 W mercury

arc lamp (Spectra-Physics) using a home-built water-cooled aluminum block to

prevent heating.  Infrared and ultraviolet wavelengths were removed by a dichroic

mirror and remaining visual spectrum light was filtered through 10 cm square

bandpass filters (Chroma) appropriate to the fluorescent protein being bleached

(540/30 nm or 568/40 nm).  Final light intensities were measured by a miniature

integrating-sphere detector (SPD024 head and ILC1700 meter, International Light

Corp.) to be 95 mW/cm
2
 for the 540/30 filter and 141 mW/cm

2
 for the 568/40 filter.

Colonies maintaining bright fluorescence after photobleaching were cultured for 8 h in
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2ml Luria-Bertani (LB) medium supplemented with 100 !g/mL ampicillin, and then

culture volume was increased to 4ml with additional LB supplemented with ampicillin

and 0.2% (wt/vol) L-arabinose to induce fluorescent protein expression and were

grown overnight.  A fraction of each cell pellet was extracted with P-BER II (Pierce)

and spectra were obtained using a Safire 96-well plate reader with monochromators

(TECAN).  When screening for photostable variants, spectra were obtained before and

after photobleaching extracted protein on the solar simulator.  DNA was purified from

the remaining pellets by QIAprep spin column (Qiagen) and submitted for sequencing.

Protein production and characterization.  Fluorescent proteins were

expressed from pBAD vectors in E. coli strain LMG194, purified, and characterized as

described
3
.  Photobleaching measurements were performed on aqueous droplets of

purified protein under oil as described
1, 3

.  For further characterization, the

photobleaching protocol was modified in several ways:  (a) to determine whether a

component of reversible or irreversible photobleaching was due to a protonation event,

samples were bleached in 100 mM glycine pH 10, (b) to characterize photobleaching

behavior under intermittent illumination conditions comparable to typical live-cell

imaging experiments, a 10% neutral density filter was used to attenuate the excitation

source and images were acquired every 5 seconds with an exposure time of 200 ms

with illumination only during exposure, and (c) to determine if the presence of

molecular oxygen influenced bleaching, we performed our standard bleaching

experiment before and after equilibrating the entire bleaching apparatus under

humidified N2.  For the oxygen-dependence experiments, we found it necessary to use
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a stronger buffer (100 mM K-MOPS, pH 7.2) to avoid pH drift during long incubation

under mineral oil.  For the intermittent illumination protocol, photobleaching curves

were then normalized to give the equivalent number of 200 ms exposures with an

illumination intensity initially giving 1000 photons/s per molecule.

Mass spectrometry analysis.  Parallel samples of purified mOrange were

prepared without bleaching and with 60 minutes bleaching on the solar simulator, and

dialyzed into 200 mM ammonium bicarbonate pH 8.5.  Samples were then digested

with LysC (Wako Biochemicals) which cuts at the C-terminal side of lysine, or AspN

(Roche Diagnostics) which cuts at the N-terminal side of aspartic acid.  For the LysC

digests, protein was denatured in 6 M guanidinium HCl with incubation in a 72° C

water bath for 2 minutes, followed by addition of LysC enzyme at a 30:1 protein to

enzyme ratio, and incubation for 18 hours at 36° C.  For the AspN digests, protein was

denatured in 8 M urea with incubation in a 90° C water bath for 2 minutes, followed

by addition of AspN enzyme at a 50:1 protein to enzyme ratio, an incubation for 18

hours at 36° C.  Digested peptides were desalted with a C18 ZipTip (Millipore) to

prepare the sample for matrix-assisted laser desorption/ionization (MALDI) mass

spectrometry.  The MALDI matrix used was !-cyanohydroxycinnamic acid (Fluka).

Mass spectra were collected on an Voyager-DE STR MALDI-TOF (Applied

Biosystems) using default tuning parameters.
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Table 4.1.  Spectral properties of photostable mOrange variants compared with other

common fluorescent proteins.

Fluorescent

protein

!ex

(nm)

!em

(nm)

"

(M
-1

cm
-1

)
#FL

Brightness

of fully

mature

protein (%

of DsRed)

pKa

t1/2 for

matura-

tion at

37°C

t1/2  for

bleach
a

(s)

mRFP1 584 607 50,000 0.25 21 4.5 < 1 h 8.7

mCherry 587 610 72,000 0.22 27 < 4.5 15 min 96

mOrange 548 562 71,000 0.69 83 6.5 2.5 h 9

mKO 548 559 51,600 0.60 52 5.0 4.5 h 122

mOrange2 549 565 58,000 0.60 59 6.5 4.5 h 228

mApple 568 592 75,000 0.49 62 6.5 30 min 4.8

a
Time (s) to bleach to 50% emission intensity, at an illumination level that causes each molecule to emit

1000 photons/s initially.  See ref. 1 for more details.
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Figure 4.1.  Excitation (dotted line) and emission (solid line) for mApple.
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Figure 4.2.  Photobleaching curves for mOrange (dotted line), mOrange2 (dashed

line), and mApple (solid line).
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Figure 4.3.  Photobleaching curves for EGFP (dotted line), mOrange (short-dashed

line), mOrange2 (long-dashed line), and two trials of mApple (solid and dot-dash

lines) under intermittent illumination (intensity versus equivalent number of 200 ms

exposures; see Methods for details on photobleaching curve normalization).
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Figure 4.4.  Normalized photobleaching curves for mApple at pH 7.2 (solid line) and

pH 10 (dotted line).
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Figure 4.5.  Excitation (dotted line) and emission (solid line) curves for mOrange2.
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Figure 4.6.  Normalized photobleaching curves for mRFP1 (solid line) and its Q64H,

F99Y mutant (dotted line).
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Figure 4.7.  Normalized photobleaching curves for mOrange under normal (solid line)

and O2-free (dotted line) conditions.
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Figure 4.8.  Normalized photobleaching curves for mOrange2 under normal (solid

line) and O2-free (dotted line) conditions.
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Figure 4.9.  Positions of residues 64, 99, and 163 relative to the chromophore in the

DsRed crystal structure
14

.
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Chapter 5 – Cloning novel fluorescent proteins from anthozoan species
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Abstract

The first green fluorescent protein (GFP) was cloned from Aequorea victoria, a

cold-water jellyfish.
1
 Variants of Aequorea GFP quickly revolutionized cell biology

by allowing the relatively simple, genetically encoded tagging of virtually any protein

of interest with a fluorescent tag
2
.  Through homology-based cloning, additional

fluorescent proteins from tropical corals were later discovered, including the first red

fluorescent protein from Discosoma sp., DsRed (drFP583)
3
.  Extensive engineering of

DsRed, first to prevent aggregation and oligomerization, then to improve brightness

and create diverse wavelength variants, led to a substantial set of new genetically

encoded markers
4-8

.  At the present time, fluorescent proteins from a large number of

corals that exhibit interesting optical properties have not yet been cloned, and cold-

water anthozoan species have been largely ignored in the search for new fluorescent

proteins.  This chapter describes the cloning of novel fluorescent proteins from the

tropical coral Euphyllia ancora and the cold-water sea anemone Anthopleura

elegantissima.  While all proteins cloned are tetrameric, they exhibit some interesting

properties, such has high quantum yields and extinction coefficients.  In addition, the

discovery of exclusively tetrameric fluorescent proteins in Anthopleura elegantissima

puts to rest the hypothesis that the oligomerization state of fluorescent proteins is

related to the light levels or water temperature of the habitat in which they evolve.
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Introduction

Over time, it has become apparent that fluorescent proteins are a superfamily

of proteins found in virtually all jellyfish, corals, sea anemones, and other marine

invertebrates
9
.  Extensive efforts have been made by various groups to clone a diverse

set of fluorescent proteins from tropical corals, leading to the discovery of unexpected

novel optical properties such as photoactivation, green-to-red photoconversion, and

novel excitation and emission wavelengths
3, 10-18

.  It is clear from these discoveries

that the scaffold provided by the 11-strand !-barrel structure is capable of producing a

wide range of different chromophore chemistries, many of which were not predicted

prior to their discovery in novel fluorescent proteins
1, 19-24

.  Given the huge diversity of

the GFP superfamily, it is reasonable to expect that additional new properties may still

await discovery.  Two organisms were chosen in this study of novel fluorescent

proteins:  the large polyp stony coral Euphyllia ancora, collected from the Great

Barrier Reef by Anya Salih (Univerity of Sydney, Australia), and the cold-water

aggregating anemone Anthopleura elegantissima, collected from Friday Harbor,

Washington.

Results and Discussion

Live cells and homogenized tissue from Euphyllia ancora exhibits strong

fluorescence emission peaks at several different wavelengths, with evidence for two

dominant species of fluorescent proteins (green and yellow) that have a FRET
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interaction, indicating either a single major fluorescent protein with immature and

mature components, or two major fluorescent proteins that can hetero-oligomerize

(data not shown).  Homogenized tissue from Anthopleura elegantissima exhibits three

major fluorescence emission peaks (cyan-green, yellow-green, and weak red-orange),

suggesting that it expresses at least three fluorescent proteins (see Fig. 5.1).  Because

homology cloning strategies
3, 10, 25

 assume some knowledge of the protein structure,

this study utilized an expression cloning approach
26

 to maximize chances of finding

fluorescent proteins with highly divergent sequences.

All three major fluorescent proteins observed in Anthopleura elegantissima

were successfully cloned.  In bacterial expression libraries, the yellow fluorescent

protein (AeYFP, ex. 518 nm, em. 530 nm; see Table 5.1 and Fig. 5.2 and 5.3) was

visible after overnight incubation at 37° C.  The cyan fluorescent protein (AeCFP, ex.

479 nm, em. 495 nm; see Table 5.1 and Figs. 5.4 and 5.5) became visible after an

additional 24 hours at room temperature.  The red fluorescent protein (AeRFP, ex 561

nm, em. 578 nm; see Table 5.1 and Figs. 5.6 and 5.7) was visible only in ambient

room lighting, but not under fluorescence excitation, and became visible after

approximately one week at room temperature.  The Anthopleura elegantissima

fluorescent proteins display between 66% (AeYFP) and 78% (AeCFP) peptide

sequence identity with known fluorescent proteins (see Figs. 5.3, 5.5, and 5.7).  Two

different allelic variants were found by sequencing for the cyan and red species of

fluorescent protein. The two AeRFP variants have apparently identical spectral

properties, but only one could be expressed efficiently at 37° C.  Similarly, of the two
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AeCFP variants, one expressed poorly at 37° C, while the other expressed extremely

well at 37° C.

AeYFP and AeCFP are both extremely stable over a wide pH range

(fluorescence pKa < 4.5) and possess high fluorescence quantum yields (0.76 and

0.78, respectively).  AeYFP has a very high extinction coefficient (120,000 M
-1•cm

-1
),

making it one of the brightest known YFPs.  Interestingly, based on sequence

alignment, AeYFP achieves its red-shifted excitation and emission by the same

mechanism (stacking of a tyrosine side chain with the chromophore phenolate) as the

engineered yellow-green variants of Aequorea GFP
2
, as well as another known wild-

type YFP from jellyfish, PhiYFP
9
 (see Figure 5.3 and Appendix B).  Both AeYFP

and AeCFP were found by non-denaturing SDS-PAGE to be tetrameric, as has been

observed for the majority of wild-type fluorescent proteins
3, 9-11, 15-18, 27, 28

.

Additionally, AeYFP tends to form insoluble aggregates when expressed in bacteria,

and proved difficult to purify in large quantities.  AeCFP is extremely soluble and

easily purified, giving yields of total protein similar to those typically obtained from

Aequorea GFP purifications.

Because of its high intrinsic brightness, high level of expression in bacteria,

and reasonable solubility, AeCFP was chosen as the starting point in an attempt to

produce a dimeric variant.  The mutation I125R, along with V127T and I180T, were

sufficient to produce a dimer from DsRed
5
.  Because AeCFP already possesses

hydrophilic residues at the positions equivalent to 127 and 180 in DsRed, the simple
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substitutions I122K and I122H (at the equivalent of position 125 in DsRed) were

introduced to break the remaining hydrophobic interactions in this dimer interface.

Non-denaturing SDS-PAGE indicated that either I122K or I122H was sufficient to

produce a dimeric variant of AeCFP.  Of these, the I122H variant exhibited brighter

fluorescence in bacteria, so was used as the template for an additional round of

mutagenesis.  Random mutagenesis of AeCFP-I122H led to the discovery of several

mutations capable of enhancing its brightness, including Y21H, F88Y, Y96F, M146I,

and N165I.  Based on sequence homology, all of these positions should have little

direct effect on the AB dimer interface, and so these variants should remain dimeric.

Further development and analysis was not carried out in this study, but these variants

should be a good starting point for additional optimization or evolution of a

monomeric variant.

AeRFP, though marginally fluorescent, bears more resemblance to a

chromoprotein in its spectral properties. AeRFP is highly stable against changes in pH,

and, like AeCFP, is quite soluble, and yields large amounts of protein during

purification.  It has a very high extinction coefficient (120,000 M
-1•cm

-1
) with a single

sharp peak at 561 nm and virtually no detectable GFP-like absorbance (see Fig. 5.6).

Sequence homology suggests that it may be possible to engineer this protein into a

photoactivatable variant similar to the kindling fluorescent protein (KFP)
11

.  In fact, all

of the residues in AeRFP at equivalent positions to the critical positions mutated in the

wild-type chromoprotein asCP595 to produce KFP are already occupied by the

“correct” amino acids (see Appendix B).  However, wild-type AeRFP does not appear
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capable of photoactivation.  In addition, like the other fluorescent proteins cloned from

Anthopleura elegantissima, AeRFP appears to be tetrameric, limiting its usefulness as

a genetically encoded marker.  It should be possible, however, to engineer at least a

dimeric version of AeRFP based on sequence homology with other known fluorescent

proteins that have been successfully de-tetramerized.  Future efforts in engineering

AeRFP could potentially focus on selection for photoactivation.  Also, because the

closest homolog to AeRFP is aeCP597
15

, a chromoprotein that was used as the starting

point for evolution of fluorescent proteins emitting up to 663 nm, AeRFP may also be

a good starting point for engineering such far-red fluorescent proteins.  Since AeRFP

is highly soluble and easily purified, another interesting possibility would be to solve

its X-ray crystal structure, and to determine whether its chromophore structure

resembles asCP595 (with a cleaved polypeptide backbone)
22, 29

 or DsRed (with an

intact polypeptide backbone)
21

 (see Appendix B).

Interestingly, although intact and homogenized tissue from the live animal

exhibits strong yellow fluorescence, only green fluorescent proteins were identified in

the Euphyllia ancora cDNA library.  Two allelic variants of a green fluorescent

protein (EaGFP, ex. 506 nm em. 513 nm; see Table 5.1 and Figs. 5.8 and 5.9) were

cloned, both of which have identical spectral properties, but, as was observed for the

Anthopleura elegantissima fluorescent proteins, only one of which expresses

efficiently in bacteria at 37° C.  Both EaGFP variants display approximately 71%

peptide sequence identity with the green fluorescent protein from Montastrea

cavernosa (see Fig. 5.9), as well as a reasonably high sequence identity with several
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green-to-red photoconvertible fluorescent proteins.  Unfortunately, EaGFP tends to

form insoluble aggregates in bacteria, and so was difficult to purify in a large quantity.

It does appear to have a very high quantum yield (0.82), and extinction coefficient

(~100,000 M
-1•cm

-1
).  Like the other fluorescent proteins cloned in this study, it

appears to be tetrameric.  Because of the difficulties involved in purifying and

characterizing this protein, it was not studied further.
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Conclusion

While no truly novel properties were discovered in the fluorescent proteins

cloned in this study, these fluorescent proteins do have some potentially useful

properties.  AeYFP is an extremely bright naturally occurring yellow-green

fluorescent protein, and represents the second reported occurrence of the natural

evolution of a YFP with a stacked ! orbital system
2, 9

.  AeCFP is a bright cyan-green

fluorescent protein that appears to express very efficiently in bacteria, and may be

amenable to monomerization.  AeRFP has a very high extinction coefficient and may

be capable of photoactivation after a certain amount of directed evolution.  Its

homology to the chromoprotein aeCP597 suggests that it, too, may be a good starting

material for the evolution of far-red fluorescent proteins
15

.  EaGFP appears to be a

very bright GFP with narrow excitation and emission peaks, and so may prove useful

if it is possible to convert it to a monomer.  Additionally, its homology to known

green-to-red photoconvertible fluorescent proteins suggests that it may be capable of

the same behavior after a modest amount of directed evolution.

Future directions that could be taken with the Anthopleura elegantissima

fluorescent proteins would include optimization for expression and brightness in

bacterial and mammalian cells, monomerization of the brightest variants, and selection

for photoactivatable or far-red shifted AeRFP variants.  Crystal structures of these

three proteins could also provide additional insights into the structure-function

relationships for fluorescent proteins in general.  Future directions for the Euphyllia
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ancora fluorescent proteins would include the search for the yellow fluorescent

protein so prominently seen in live tissue spectra.  It is possible that this protein has

extremely stringent folding or maturation requirements, or that it requires the presence

of EaGFP in order to become fluorescent.  If the latter is the case, screening a co-

expression library in which cDNA clones are co-expressed with EaGFP, should lead to

the identification of the yellow fluorescent protein.  Euphyllia ancora also possesses

several minor fluorescent proteins as well as chromoproteins, so the existing cDNA

library could additionally be screened to identify these clones as well.
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Materials and Methods

RNA Extraction.  Tissue from Euphyllia ancora tentacle tips or whole

Anthopleura elegantissima tentacles were minced with a clean razor blade in

RNAlater solution (Ambion).  Samples were extracted using Trizol (Gibco) using the

manufacturer’s protocol.  2 volumes of 100% ethanol were added to the aqueous phase

of the Trizol extraction and the resulting solution was purified on an RNAqueous

column (Ambion) following the manufacturer’s protocol.  Eluted total RNA was

stored at -80° C.

Vector Construction.  An arabinose-inducible bacterial expression vector was

constructed using a modified version of pBAD (Invitrogen) as its backbone.  Briefly,

the QuikChange (Stratagene) protocol was used to remove NdeI and BamHI sites from

the vector backbone such that these sites were unique in the polylinker of the resulting

vector.  A double-stranded oligonucleotide was then synthesized (Integrated DNA

Technologies) to insert two asymmetrical SfiI sites (SfiI-A = GGCCACGAAGGCC,

SfiI-B = GGCCAAGGTGGCC) and stop codons in all 3 reading frames between the

BamHI and EcoRI sites of the resulting vector, allowing for high-efficiency directional

cloning.  The resulting vector was named pB3XS.

cDNA Library Construction.  Total RNA from Euphyllia ancora and

Anthopleura elegantissima was used as the starting material for cDNA amplification

by the SMART protocol
30

 using SuperScript II Reverse Transcriptase (Invitrogen).
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The original protocol was modified by using primers described by Bessette et al.,

which contain SfiI-A and SfiI-B sites (described above) to facilitate directional cloning

of the amplified cDNA
26

.  The protocol was further modified by including SuperAse-

In RNA inhibitor (Ambion) in the reverse transcription step, and by using a mix of

Phusion (Finnzymes), Taq (Roche), and PfuTurbo (Stratagene) polymerases in the

PCR amplification step.  Amplified cDNA was run on a 1% agarose gel, and PCR

products between 500 bp and 1.5 kb were cut from the gel and purified using a

Qiaquick gel-extraction column (Qiagen), using Buffer EB (10 mM Tris-HCl pH 8.5)

supplemented with 1 mM MgCl2 for DNA elution to prevent denaturation of single-

stranded cDNAs.  Purified fractionated cDNAs and pB3XS vector were digested with

SfiI and re-purified with Qiaquick columns (again with elution in MgCl2 supplemented

Buffer EB for the cDNA digests).  Digested cDNA was ligated into digested pB3XS

using T4 DNA Ligase (Invitrogen) for 30 minutes at room temperature, and the

ligation was used to transform E. coli strain LMG194 (Invitrogen), which were then

plated on LB/agar plates supplemented with 50 !g/mL ampicillin and 0.02% (w/v) L-

arabinose and grown overnight at 37° C.

cDNA Library Screening and Protein Cloning.  Plates of bacteria

transformed with cDNA library ligations were screened visually after overnight

growth at 37° C and at several time points (1 day to 2 weeks) after incubation at room

temperature.  Plates were inspected with 480 nm arc lamp illumination using

appropriate emission filters, and also inspected visually in ambient lighting conditions

to identify pigmented colonies with weak fluorescence emission.  Fluorescent or
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pigmented colonies were used to inoculate 2 mL of LB medium supplemented with

100 !g/mL ampicillin.  2 mL cultures were grown for 5 to 8 hours with vigorous

shaking at 37° C.  Protein expression was then induced by increasing culture volume

to 4 mL with additional LB medium and addition of L-arabinose to 0.2% (w/v) final

concentration, followed by overnight growth with vigorous shaking at 37° C.  Protein

was extracted from a fraction of each overnight culture using B-PER II (Pierce)

following the manufacturer’s protocol, and absorbance and fluorescence spectra were

measured for extracted protein using a Safire fluorescence plate reader (TECAN).  The

remaining bacterial pellets were used for plasmid DNA purification by Qiaprep

(Qiagen) and submitted for sequencing.

Protein Expression and Characterization.  For each novel fluorescent

protein identified in the cDNA library screen, specific primers were synthesized

(Integrated DNA Technologies) containing N-terminal BamHI and C-terminal EcoRI

sites for PCR cloning into a modified pBAD vector (Invitrogen) in frame with an N-

terminal 6xHis linker.  PCR was performed from total cDNA using these primers for

each protein using Phusion polymerase (Finnzymes).  PCR reactions were run on a 1%

agarose gel and the band corresponding to the correct product length was excised and

purified using a Qiaquick gel-extraction column (Qiagen).  Purified PCR products

were digested with BamHI and EcoRI and ligated into digested expression vector.

This ligation reaction was used to transform chemically competent E. coli strain

LMG194 (Invitrogen), which were then plated on LB/agar plates supplemented with

50 !g/mL ampicillin and 0.02% (w/v) L-arabinose and grown overnight at 37° C.
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Fluorescent colonies were grown and processed as described above, and were sent for

sequencing.  Positively identified clones were then inoculated into 30 mL of LB

medium supplemented with 100 !g/mL ampicillin and grown for 5 hours with

vigorous shaking at 37° C.  Random and directed mutagenesis was performed as

described
7
.  Protein expression was induced by increasing culture volume to 150 mL

with additional LB medium supplemented with 100 !g/mL ampicillin and addition of

L-arabinose to a final concentration of 0.2% (w/v), followed by overnight growth at

37° C or 25° C, depending on the observed optimal expression conditions for each

protein. All proteins were purified by Ni-NTA chromatography (Qiagen) and dialyzed

into PBS. Biochemical and fluorescence characterization experiments were performed

as described
27

.
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Table 5.1.  Spectral properties of novel fluorescent proteins.

Fluorescent protein !ex (nm) !em (nm)
"

(M
-1

cm
-1

)
#FL pKa

AeCFP 479 495 62,000 0.78 < 4.5

AeYFP 518 530 120,000 0.76 < 4.5

AeRFP 561 578 120,000 ND < 4.5

EaGFP 506 513 100,000 0.82 6.2
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Figure 5.1.  Excitation (dotted lines) and emission (solid lines) spectra for
homogenized Anthopleura elegantissima tentacle tissue.
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Figure 5.2.  Excitation (dotted line) and emission (solid line) spectra for

AeYFP1.
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asFP499  MYPSIKETMRVQLSMEGSVNYHAFKCTGKGEGKPYEGTQSLNITITEGGPLPFAFDILSH

AeYFP1   MSGSIKEKMHVKVFMEGSVNYHAFKCTAEGEGNPYEGVHSMKIKVTEGGPLPFAFDILAL

asFP499  AFQYGIKVFAKYPKEIPDFFKQSLPGGFSWERVSTYEDGGVLSATQETSLQGDCIICKVK

AeYFP1   CFSYGQKVFIKYPKEIPDFFKQSFPEGYTWERVTTYEDGGVLSVTQDTSLQGDCLICNVK

asFP499  VLGTNFPANGPVMQKKTCGWEPSTETVIPRDGGLLLRDTPALMLADGGHLSCFMETTYKS

AeYFP1   AIGTNFPPNGPVMKKKTCGWEPSTEIVYPHEGGLIAQDTMALKLVGGGHLLCFLKTTFRS

asFP499  KKE-VKLPELHFHHLRMEKLNISDDWKTVEQHESVVASYSQVPSKLGHN-

AeYFP1   KKKRITLPECHFHDYRLETIKESDNGNTIDQYEGTVARYSYLPSKLGNH-

Figure 5.3.  Sequence alignment of AeYFP1 with its closest homolog,

asFP499, a green fluorescent protein from Anemonia sulcata
31

.  The tyrosine

residue homologous to the stacked Tyr203 in Aequorea YFP variants is
highlighted in red.
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Figure 5.4.  Excitation (dotted line) and emission (solid line) spectra for AeCFP2.
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asFP499  MYPSIKETMRVQLSMEGSVNYHAFKCTGKGEGKPYEGTQSLNITITEGGPLPFAFDILSH

AeCFP1   MYSSIKENMRTKLYMEGSVNYHAFKCVAEGEGKPYEGTQGIKIRVTEGGPLPFAFDILAQ

AeCFP2   MYSSIKENMRTKLYMEGSVNYHAFKCVAEGEGKPYEGTQGIKIRVTEGGPLPFAFDILAQ

asFP499  AFQYGIKVFAKYPKEIPDFFKQSLPGGFSWERVSTYEDGGVLSATQETSLQGDCIICKVK

AeCFP1   AFQYGVKVFTKYPKEIPDFFKQSFPEGFKWERVMTYEDGGVLSVSQDTSLQDGCFICNIK

AeCFP2   AFQYGVKVFTKYPKEIPDFFKQSFPEGFKWERVMTYEDGGVLSVSQDTSLQDGCIICNIK

asFP499  VLGTNFPANGPVMQKKTCGWEPSTETVIPRDGGLLLRDTPALMLADGGHLSCFMETTYKS

AeCFP1   VIGTNFPANGPVMQKQTCGWEPSTEMVIPRDGGLLLRDTAALKLNDGGHLSCNMETTYKS

AeCFP2   VIGTNFPANGPVMQKKTCGWEPSTEMVIPRDGGLLVRDTAALKLNGGGHLTCNMETTYKS

asFP499  KKEVKLPELHFHHLRMEKLNISDDWKTVEQHESVVASYSQVPSKLGHN-

AeCFP1   KRKVKLPEVHFHHLRVERLKESDNGNTIDQHESVVASYSQVPSKLGHN-

AeCFP2   KRKVKLPEVHFHHLRVERLKESDNGNTIDQHESVVASYSQVPSKLGHN-

Figure 5.5.  Sequence alignment of AeCFPs with their closest homolog,

asFP499, a green fluorescent protein from Anemonia sulcata
31

.  Differences
between the two allelic variants of AeCFP are highlighted in red.
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Figure 5.6.  (a) Excitation (dotted line) and emission (solid line) spectra and (b)
absorbance spectrum for AeRFP1.
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aeCP597  MASLVKKDMCIKMTMEGTVNGHHFKCVGEGEGKPFEGTQVEKIRITEGGPLPFAYDILAP

asCP562  MASFLKKTMPFKTTIEGTVNGHYFKCTGKGEGNPFEGTQEMKIEVIEGGPLPFAFHILST

asFP595  MASFLKKTMPFKTTIEGTVNGHYFKCTGKGEGNPFEGTQEMKIEVIEGGPLPFAFHILST

AeRFP1   MASLVKKTMRIKMNMEGTVNGHHFKCVGEGEGKPFEGNQVEKIRVTEGGPLPFAYDILAP

AeRFP2   MASLVKKTMRIKMNMEGTVNGHHFKCVGEGEGKPFEGNQVEKIRVTEGGPLPFAYDILAP

aeCP597  CCMYGSKTFIKHVSGIPDYFKESFPEGFTWERTQIFEDGGYLTIHQDTSLQGNNFIFKVN

asCP562  SCMYGSKTFIKYVSGIPDYFKQSFPEGFTWERTTTYEDGGFLTAHQDTSLDGDCLVYKVK

asFP595  SCMYGSKTFIKYVSGIPDYFKQSFPEGFTWERTTTYEDGGFLTAHQDTSLDGDCLVYKVK

AeRFP1   CSMYGSKTFIKYDSGIPDYFKESFPEGFTWERTQIFEDGGFLTVFQDTSMQGDCFIFKVK

AeRFP2   CSMYGSKTFIKYDSGIPDYFKESFPEGFTWERTQIFEDGGFLTVFQDTSMQGDCFIFKVK

aeCP597  VIGANFPANGPVMQKKTAGWEPCVEMLYPRDGVLCGQSLMALKCTDGNHLTSHLRTTYRS

asCP562  ILGNNFPADGPVMQNKAERWEPATEILYEVDGVLRGQSLMALKCPGGRHLTCHLHSTYRS

asFP595  ILGNNFPADGPVMQNKAGRWEPATEIVYEVDGVLRGQSLMALKCPGGRHLTCHLHTTYRS

AeRFP1   VIGTNFPANGPVMQKRTAGWEPGVEMLYPRDGVLCGQSLMALKCTDGNHLTCHLQTTYRS

AeRFP2   VIGTNFPANGPVMQKKTAGWEPGVEMLYPRDGVLCGQSLMALKCTDGNHLTCHLQTTYRS

aeCP597  RKPSNAVNMPEFHFGDHRIEILKAEQ-GKFYEQYESAVARYCEAAPSKLGHH-

asCP562  KKPASALKMPGFHFGDHRIEIMEEVEKGKCYKQYEAAVARYCDAAPSKLGHH-

asFP595  KKPASALKMPGFHFEDHRIEIMEEVEKGKCYKQYEAAVGRYCDAAPSKLGHN-

AeRFP1   RKPANAQKMPELHFGDHRIEILKEEEPGMLYEQYEGSVARYCG-APSKLGHH-

AeRFP2   RKPANAQKMPELHFGDHRIEILKEEEPGKLYEQYEGSVARYCG-APSKLGHH-

Figure 5.7. Sequence alignment of AeRFPs with their three closest homologs,

aeCP597, a blue chromoprotein from Actinia equina
15

, asCP562, a

chromoprotein from Anemonia sulcata
31

, and asFP595, a photoactivatable red

fluorescent protein from Anemonia sulcata
32

.  Differences between the two
allelic variants of AeRFP are highlighted in red.
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Figure 5.8.  Excitation (dotted line) and emission (solid line) spectra for

EaGFP2.
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mcavGFP  MSVIKPIMEIKLRMQGVVNGHKFVIKGEGEGKPFEGTQTINLTVKEGAPLPFAYDILTSA

EaGFP1   MSLIKEEMMTKLHMEGIVNGHIFTIEGEGKGNPFLGVQDMKLCVTKGASLPFAYDILTPA

EaGFP2   MSLIKEEMMTKLHMEGIVNGHIFTIEGEGKGNPFLGVQDMKLCVTKGASLPFAYDILTPA

mcavGFP  FQYGNRVFTKYPDDIPDYFKQTFPEGYSWERIMAYEDQSICTATSDIKMEGDCFIYEIQF

EaGFP1   FMYGNRVFTKYPANIPDYFKQTFPDGYSWERIMIYEDQGMCMATSHIRLEGNCFLYDVQF

EaGFP2   FMYGNRVFTKYPANIPDYFKQTFPDGYSWERIMIYEDQGMCMATSHIRLEGNCFLYDVQF

mcavGFP  HGVNFPPNGPVMQKKTLKWEPSTEKMYVRDGVLKGDVNMALLLEGGGHYRCDFRSTYKAK

EaGFP1   HGVNFPSCGPVMQKKILQWEPSTEKMYERDGVLRGDVNMALLLKDGGHYRCDFTTTYKAK

EaGFP2   HGVNFPSCGPVMQKKILQWEPSTEKMYERDGVLRGDVNMALLLKDGGHYRCDFTTTYKAK

mcavGFP  KRVQLPDYHFVDHRIEILSHDNDYNTVKLSEDAEARYSMLPSQA------- 224

EaGFP1   KNVPFPEYHYVDHRIEILGLKEHYSEVDLHATAEARYFLMPIFEIQVETY- 230

EaGFP2   KNVTLPEYHYVDHRIEILDHKEHYSEVDLHATAEARYSLMPIFENQVETY- 230

Figure 5.9. Sequence alignment of EaGFPs with their closest homolog, a green

fluorescent protein from Montastrea cavernosa
33

.  Differences between the two
allelic variants of EaGFP are highlighted in red.
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Conclusion
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The goal of this dissertation was to use directed evolution of mRFP1-derived

fluorescent proteins and the characterization of other fluorescent proteins to explore

structure-function relationships in fluorescent proteins and establish a highly

optimized toolkit for application to cell and molecular biological research.  Through

the engineering of wavelength-shifted mRFP1 variants and subsequent optimization of

their brightness, pH dependence, and photostability, we have delineated the critical

regions in the protein that determine each of these properties.  Further structural data

from collaborators has elucidated the precise mechanism for wavelength shift between

red and orange fluorescent protein chromophores.  Finally, analysis of novel

fluorescent proteins cloned from Anthopleura elegantissima and Euphyllia ancora has

provided insight into the independent evolution of wavelength diversity in the GFP

superfamily.

Rather than undergo the difficult and potentially unsuccessful process of

monomerization of wild-type fluorescent proteins exhibiting novel colors, we chose to

engineer the existing monomeric red fluorescent protein, mRFP1
1
, into multiple

wavelength-shifted variants
2
, as described in Chapter 1.  This process not only led to

the development of several widely useful variants, but also shed light on the factors

influencing wavelength, pH dependence, and photostability.

The main determinant of excitation and emission wavelength of fluorescent

proteins is the exact chemical structure of the chromophore.  As is known for

Aequorea GFP variants, substitution of the aromatic residue of the chromophore leads



166

to strong blue-shift in both excitation and emission
3
.  We found this also to be the case

with mRFP1-based proteins, which tolerate the Y67W mutation to give the yellow-

green variant mHoneydew
2
, homologous to the Aequorea GFP variant YFP.

Additional modifications to the chromophore that lead to extended conjugation lead to

red-shifted emission, as has been first described for the red fluorescent protein DsRed.

We found that modification of the extent of conjugation, such as its reduction by one

double-bond in the variant mOrange
2
, leads to additional wavelength shifts (see

Appendix B for detailed discussion of chromophore structures).

While the chromophore within fluorescent proteins is largely shielded from

interactions with the solvent by the surrounding !-barrel structure, all fluorescent

proteins retain some degree of acid quenching
2-5

.  We serendipitously discovered the

origin of one form of pH dependent behavior during the evolution of the orange

fluorescent protein variant mOrange.  Clustering of mutations around a critical

glutamic acid side chain, Glu215, suggested that this residue was responsible for pH-

dependent behavior in this and related proteins (see Figure 6.1).  This hypothesis has

subsequently been confirmed by X-ray crystallographic data from Xiaokun Shu and S.

James Remington, which show that the ability of Glu215 to hydrogen-bond with the

chromophore imidazolinone ring is altered at alkaline versus acidic pH.  Further

exploration of this pH-dependent behavior led to the development of the bright and

photostable red variant, mApple, discussed in Chapter 4.
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The red variant mCherry
2
, developed as an “upgrade” from mRFP1, proved to

be much more photostable than its predecessor.  Analysis of clones intermediate

between mRFP1 and mCherry led to the discovery that a single mutation, M163Q, was

responsible for the increase in photostability, giving us the first clue as to the

mechanism for photobleaching in the highly photolabile variants.  As discussed in

Chapter 4, subsequent mutagenesis of mOrange revealed that it would not tolerate

substitutions to Met163, but that instead a pair of substitutions, Q64H and F99Y,

could confer a very large increase in photostability (see Figure 6.1).  Further

experiments demonstrated that these substitutions cause a virtually complete

disappearance of oxygen-dependent photobleaching behavior, providing another clue

to the mechanism of photobleaching.  Clearly, photobleaching must proceed along

several different pathways, but it should be possible through additional experiments to

determine at least one of these mechanisms precisely.

Another substantial development that arose from wavelength diversification of

mRFP1 variants was the discovery of reversibly photoactivatable variants possessing

the mutation Ile197Tyr (see Figure 6.1), originally introduced by homology to the

yellow-green Aequorea GFP variant YFP
3
.  These variants, described in Chapter 2,

not only display red-shifted excitation and emission, but also display photoactivation

properties suggestive of cis to trans isomerization of the chromophore as has been

seen in certain wild-type photoactivatable proteins
6-9

.  Further investigation of these

proteins by X-ray crystallography should provide confirmation or refutation of this

model for photoactivation, as well as providing a clearer picture of how interactions
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between the chromophore and its immediate environment produce the strong red-shift

seen in these variants.

In order to explore a larger part of the fluorescent protein superfamily, we also

cloned several novel fluorescent proteins from the sea anemone Anthopleura

elegantissima and the large-polyp stony coral Euphyllia ancora, as described in

Chapter 5.  Two of these were of particular interest:  The yellow fluorescent protein

AeYFP displays a stacked !-orbital system very similar to the engineered YFP variant

of Aequorea GFP
3
, providing the second example (after the distantly related protein

PhiYFP
4
) of independent evolution of red-shifted GFP-like proteins.  The red

fluorescent protein AeRFP shows sequence homology to several chromoproteins that

have yielded both far-red fluorescent emitters and photoactivatable proteins
7, 10, 11

.

These similarities make it a promising target for further mutagenesis to develop such

desirable properties.

Until recently, a unified characterization of the most commonly used

fluorescent proteins had not been provided to the scientific community.  We set out to

remedy this deficiency by fully characterizing the critical properties of many of these

proteins to provide a guide to choosing fluorescent proteins, as discussed in Chapter

3.  Through this characterization, we identified the most photostable fluorescent

proteins, as well as those in common use whose properties are less than optimal.  This

data provides us with the starting points for further optimization, as well as additional
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clues to the major determinants of photostability across all fluorescent proteins,

possibly leading towards common mechanisms between distantly-related proteins.

While we have found many novel properties through stepwise engineering of

mRFP1 variants, it is reasonable to assume that fluorescent proteins are capable of

even more complex photophysical behaviors.  Future experiments should focus on

exploring the limits of wavelength shift, especially in the far-red, and the engineering

of controllable, efficient, and reversible photoactivatable proteins.  Further

optimization of photostability should also be possible through the continued

development of novel selection methods.  Elucidation of the primary mechanisms for

photobleaching and photoactivation through mass spectrometry and X-ray

crystallography will provide starting points for rational design of these properties.

Evolution of a high-efficiency orange-red FRET pair should also be a priority, as it

will open up additional possibilities for live-cell imaging of biochemical processes.

Finally, continued exploration of the diversity of wild-type fluorescent proteins will

likely lead to the discovery of novel properties already evolved by nature.

We have developed a widely useful toolkit of monomeric fluorescent proteins

that span the entire visible wavelength range not covered by the Aequorea GFP

variants.  In addition, we have developed methods to screen for improved

photostability and other novel spectral properties such as photoactivation.  Through

the development of these proteins and thorough characterization of their photophysical

properties, we have gained an understanding of the major determinants of wavelength,
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pH dependence, photostability, and the novel property of reversible photoactivation.

This has allowed us to paint a detailed picture of the structure-function relationships

common to all fluorescent proteins, and to continue the rational design of novel

variants with enhanced properties.
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Figure 6.1.  Locations of key regions of mRFP1-derived proteins, mapped onto the

crystal structure of mCherry (X. Shu and S. J. Remington, data used by permission).

Regions influencing pH sensitivity are shown in red, regions influencing

photostability are shown in green, and regions influencing reversible photoactivation

are shown in blue.  The chromophore is shown in magenta.
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Table A.1.  Sources for novel fluorescent proteins.

Wavelength Class Protein Source Organism References

Far-red HcRed-tandem Evrogen Heteractis crispa 1, 2

mGrape1 Tsien Discosoma sp. Chapter 2

mGrape2 Tsien Discosoma sp. Chapter 2

mGrape2.1 Tsien Discosoma sp. Chapter 2

mPlum Tsien Discosoma sp. 1, 3

mRaspberry Tsien Discosoma sp. 1, 3

Red mCherry Tsien Discosoma sp. 1, 4

AeRFP Tsien Anthopleura elegantissima Chapter 5

dimer2 Tsien Discosoma sp. 5

DsRed Clontech Discosoma sp. 6

DsRed.T1 Clontech Discosoma sp. 7

DsRed-Monomer Clontech Discosoma sp. 1

J-Red Evrogen Unidentified Anthomedusa 8

mApple Tsien Discosoma sp. Chapter 4

mRFP1 Tsien Discosoma sp. 5

mStrawberry Tsien Discosoma sp. 4

mTangerine Tsien Discosoma sp. 4

tdimer2(12) Tsien Discosoma sp. 5

tdTomato Tsien Discosoma sp. 4

Orange mBanana Tsien Discosoma sp. 4

mKO MBL Intl. Fungia concinna 1, 9

mOrange Tsien Discosoma sp. 4

mOrange2 Tsien Discosoma sp. Chapter 4

Yellow-green AeYFP Tsien Anthopleura elegantissima Chapter 5

EYFP Invitrogen Aequorea victoria 1, 10

mCitrine Tsien Aequorea victoria 1, 10-12

mHoneydew Tsien Discosoma sp. 4

Venus Miyawaki Aequorea victoria 1, 13

YPet Daugherty Aequorea victoria 1, 14

Green Emerald Invitrogen Aequorea victoria 1, 10

EaGFP Tsien Euphyllia ancora Chapter 5

EGFP Clontech
a

Aequorea victoria 1, 10

Cyan AeCFP Tsien Anthopleura elegantissima Chapter 5

Cerulean Piston Aequorea victoria 1, 15

CyPet Daugherty Aequorea victoria 1, 14

mCFP Tsien Aequorea victoria 1, 12

UV-excitable green T-Sapphire Griesbeck Aequorea victoria 1, 16

Reference fluorescein pH 8.4 N/A N/A 1

a
No longer commercially available.
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Table A.2.  Extinction coefficients and quantum yields.

Wavelength Class Protein !ex (nm) !em (nm)
"

(M
-1

cm
-1

)
#FL

Brightness ("•#FL)

(mM•cm)
-1

Far-red HcRed-tandem 590 637 160,000 0.04 6.4

mGrape1 595 625 50,000 0.03 1.5

mGrape2 605 636 33,000 0.03 1.0

mGrape2.1 608 646 33,000 0.03 1.0

mPlum 590 649 41,000 0.10 4.1

mRaspberry 598 625 86,000 0.15 13

Red mCherry 587 610 72,000 0.22 16

AeRFP 561 579 120,000 ND ND

dimer2 552 579 69,000 0.69 48

DsRed 558 583 75,000 0.79 59

DsRed.T1 555 584 38,000 0.51 19

DsRed-Monomer 556 586 35,000 0.10 3.5

J-Red 584 610 44,000 0.20 8.8

mApple 568 592 75,000 0.49 37

mRFP1 584 607 50,000 0.25 13

mStrawberry 574 596 90,000 0.29 26

mTangerine 568 585 38,000 0.30 11

tdimer2(12) 552 579 138,000 0.68 94

tdTomato 554 581 138,000 0.69 95

Orange mBanana 540 558 6,000 0.70 4.2

mKO 548 559 51,600 0.60 31

mOrange 548 562 71,000 0.69 49

mOrange2 549 565 58,000 0.60 35

Yellow-green AeYFP 518 530 120,000 0.76 91

EYFP 514 527 83,400 0.61 51

mCitrine 516 529 77,000 0.76 59

mHoneydew 487/504 537/562 17,000 0.12 2.0

Venus 515 528 92,200 0.57 53

YPet 517 530 104,000 0.77 80

Green Emerald 487 509 57,500 0.68 39

EaGFP 506 513 100,000 0.82 82

EGFP 488 507 56,000 0.60 34

Cyan AeCFP 479 495 62,000 0.78 48

Cerulean 433/452 475/505 43,000 0.62 27

CyPet 435 477 35,000 0.51 18

mCFP 433/452 475/505 32,500 0.40 13

UV-excitable green T-Sapphire 399 511 44,000 0.60 26

Reference fluorescein pH 8.4 495 519 75,000 0.92 69
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Table A.3.  Photostability, pKa, maturation, and oligomerization.

Wavelength Class Protein

t1/2 for

bleach

(s)
a

photostability (%

of fluorescein t1/2)
pKa

t1/2 for

maturation at

37°C

Oligomerization

Far-red HcRed-tandem 5.5 0.8 ND ND tandem dimer

mGrape1 13 1.8 < 4.5 ND monomer

mGrape2 1.8 0.2 6.3 ND monomer

mGrape2.1 ND ND 6.3 ND monomer

mPlum 53 7.3 < 4.5 100 min monomer

mRaspberry 15 2.0 < 4.5 55 min monomer

Red mCherry 96 13 <4.5 15 min monomer

AeRFP ND ND < 4.5 ND tetramer

dimer2 157 22 4.9 ~2 hr dimer

DsRed 233 32 4.7 ~10 hr tetramer

DsRed.T1 ND ND 4.8 < 1 hr tetramer

DsRed-Monomer 16 2.2 4.5 ND monomer

J-Red 13 1.8 5.0 ND dimer

mApple 4.7 0.6 6.5 30 min monomer

mRFP1 8.7 1.2 4.5 < 1 hr monomer

mStrawberry 15 2.1 <4.5 50 min monomer

mTangerine 10 1.3 5.7 ND monomer

tdimer2(12) 157 22 4.9 ~2 hr tandem dimer

tdTomato 98 13 4.7 1 hr tandem dimer

Orange mBanana 1.9 0.3 6.7 1 hr monomer

mKO 122 17 5.0 4.5 hr monomer

mOrange 9.0 1.2 6.5 2.5 hr monomer

mOrange2 228 31 6.5 4.5 hr monomer

Yellow-green AeYFP ND ND < 4.5 ND tetramer

EYFP 60 8.3 6.9 ND weak dimer

mCitrine 49 6.7 5.7 ND monomer

mHoneydew 8.1 1.1 < 4.0 ND monomer

Venus 15 2.0 6.0 ND weak dimer

YPet 49 6.7 5.6 ND weak dimer

Green Emerald 0.69 0.09 6.0 ND weak dimer

EaGFP ND ND 6.2 ND tetramer

EGFP 174 24 6.0 ND weak dimer

Cyan AeCFP ND ND < 4.5 ND tetramer

Cerulean 36 5.0 4.7 ND weak dimer

CyPet 59 8.1 5.0 ND weak dimer

mCFP 64 8.8 4.7 ND monomer

UV-excitable green T-Sapphire 25 3.5 4.9 ND weak dimer

Reference fluorescein pH 8.4 7.3 1.0 6.4 N/A N/A

a
See Chapter 3 for description of photobleaching measurements and normalization.
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Appendix B – Chromophore structures
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Chromophore structure as a determinant of wavelength

As described in Chapters 1 and 2, fluorescent proteins spanning almost the

entire visual spectrum have been discovered and engineered
1-19

.  The primary

determinant of fluorescent protein excitation and emission wavelength is the chemical

structure of the chromophore, with additional contributions from the immediate

environment surrounding the chromophore, both through direct interactions with the

chromophore and general charge distributions in the vicinity of the chromophore.

This appendix will survey the breadth of knowledge regarding known chromophore

chemistries and their relationship with excitation and emission wavelengths.

Blue to yellow-green variants of Aequorea GFP

The first cloned green fluorescent protein from Aequorea victoria has been

engineered into variants with excitations ranging from 360 nm to 516 nm and emission

ranging from 440 nm to 529 nm (see Figure B.1).  These variants are described in

great detail in a review by R. Y. Tsien
3
.  GFP variants achieve blue-shifted excitation

and emission though substitutions to Tyr66 in the chromophore, with histidine giving

blue emission (BFP) (Fig. B.1b) and tryptophan giving cyan emission (CFP) (Fig.

B.1c).  The Y66F mutant (Fig. B.1a) gives an additional blue-shift in excitation

wavelength relative to the Y66H mutant BFP, but is of little practical use.
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Alterations to the environment surrounding the wild-type green-emitting

chromophore can give exclusively protonated chromophore (Fig. B.1d), which is

excited at around 400 nm, or exclusively anionic chromophore (Fig. B.1e), which is

excited around 488 nm.  This same chromophore structure can also interact with its

immediate environment in such a way as to produce a substantial blue-shift in

excitation and emission, as is found in naturally occurring cyan fluorescent proteins

such as amFP486
20

.  This shift is presumably achieved through altering the charge

distribution of the chromophore in such a way as to increase the energy of the excited

state.

The mutation T203Y leads to a ! stacking interaction between Tyr203 and the

chromophore phenolate, providing an additional red-shift to yellow-green emission

(YFP) (Fig. B.1f).  This yellow-green chromophore structure was originally

discovered through rational design of Aequorea GFP, but has subsequently been

identified in two naturally occurring fluorescent proteins, PhiYFP
19

 and AeYFP

(Chapter 5).

Yellow and orange fluorescent proteins

In order to produce red-shift beyond that of the yellow-green Aequorea GFP

variants and their natural homologs, it is necessary to produce additional covalent

modifications to the chromophore to extend the ! orbital conjugation, and thus lower

the excited state energy.  To date, two different mechanisms have been discovered to
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accomplish this feat (see Fig. B.2).  The first example is from the naturally occurring

fluorescent protein zFP538
12

, in which a lysine in the first chromophore position leads

to the formation of a new six-membered ring in the chromophore and cleavage of the

polypeptide backbone
21

 (Fig. B.2a).  The second example comes from the engineered

orange fluorescent protein mOrange
1
, in which a threonine in the first chromophore

position forms a five-membered ring in the chromophore without cleavage of the

polypeptide backbone (S. J. Remington and X. Shu, data used by permission) (Fig.

B.2d).  In both cases, an acylimine intermediate (discussed below) is likely to be

present prior to cyclization.  The effect of both of these reactions is the extension of

chromophore conjugation by an additional double bond, leading to yellow emission

for zFP538 and orange emission for mOrange.  Knowledge of the mOrange

chromophore structure leads to the most likely structures for the mKO
11

 (Fig. B.2c)

and mBanana
1
 (Fig. B.2b) chromophores, each of which contain a cysteine in the first

chromophore position.  For mBanana, the I197E mutation leads to an additional

interaction between the chromophore phenolate and Glu197, which gives a blue-shift

due to the resulting change in charge distribution.

Red fluorescent proteins

Additional conjugation of the chromophore ! orbital is necessary to achieve

red-shifts beyond the orange fluorescent proteins.  Again, there are two principal ways

that have evolved to achieve this additional conjugation (see Fig. B.3).  The first way

to produce a red fluorescent chromophore was discovered in the naturally occurring
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protein DsRed
12

 (drFP583) from Discosoma sp.  In DsRed, a GFP-like chromophore is

additionally modified by a second oxidation step which produces an acylimine from

the polypeptide backbone, thus extending the chromophore conjugation by two

additional bonds
22, 23

 (Fig. B.3a).  It has become clear from crystallographic studies

(S. J. Remington and X. Shu, data used by permission) that the protonation state of

Glu215 in DsRed-derived proteins has a strong effect on the wavelength of the

resulting chromophore.  In DsRed, Glu215 is anionic and interacts with Lys70.  This

configuration results in a relatively blue-shifted excitation and emission.  In the

monomeric DsRed variants mStrawberry
1
 (Fig. B.3b) and mCherry

1
 (Fig. B.3c),

Glu215 is neutral, and forms a hydrogen bond with the chromophore imidazolinone.

This configuration results in relatively red-shifted excitation and emission.  Other

alterations in the chromophore environment, such as the nature of the residue at the

first chromophore position, have additional small effects on wavelength.  The DsRed-

type chromophore can exist in the cis form (as in most known red fluorescent proteins)

or the trans form (as in eqFP611 from Entacmaea quadricolor
17

, Fig. B.3d), and can

be substituted with tryptophan to produce the blue-shifted (yellow-orange) variant

mHoneydew
1
 (Fig. B.3e).

A second way of extending the chromophore conjugation enough to produce

red fluorescence was more recently discovered in green-to-red photoconvertible

proteins such as Kaede
6
 and EosFP

16
.  These proteins (discussed in more detail below)

produce a chromophore in which the backbone is cleaved and conjugation extends
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onto the side chain of a histidine in the first chromophore position after UV

illumination
24, 25

 (see Fig. B.3f and B.6a).

Far-red fluorescent proteins

Thus far, additional red-shift beyond about 610 nm has been achieved only

through alteration of the chromophore environment, rather than alteration of the

chromophore chemistry itself.  Of those proteins whose structure is well understood,

two mechanisms for achieving red-shift are possible (see Fig. B.4).  First, as in YFP
3
,

introduction of a tyrosine in position 197 of DsRed-derived proteins leads presumably

to a !  stacking interaction that lowers the chromophore excited state energy (Fig.

B.4a).  There is some additional evidence that the most red-shifted I197Y variants

may adopt a trans chromophore conformation (see Chapter 2) (Fig. B.4b).  The

second way of achieving far-red emission occurs in the variant mPlum
2
, which

contains the substitution V16E (Fig. B.4c).  The interaction between Glu16 and the

carbonyl oxygen of the chromophore acylimine may allow proton transfer in the

excited state, or may simply alter the chromophore charge distribution in the excited

state sufficiently to produce a substantial red-shift in emission wavelength (S. J.

Remington and X. Shu, data used by permission).  Interestingly, while I197Y variants

display red-shift in both excitation and emission, mPlum displays relatively little red-

shift in excitation, but very strong red-shift in emission.
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Photoactivatable and photoconvertible fluorescent proteins

An additional property that has been both discovered in naturally occurring

fluorescent proteins and engineered into existing fluorescent proteins is the ability to

develop fluorescence or alter the wavelength of fluorescence upon illumination with

specific wavelengths of light.  Photoactivation and photoconversion take several

forms, including reversible and irreversible photoactivation, cyan-to-green

photoconversion, and green-to-red photoconversion.

Photoactivatable proteins fall into classes of reversible and irreversible

photoactivation.  For irreversible photoactivation, a covalent modification of the

chromophore environment is generally responsible for the activation.  In the case of

PA-GFP
26

, UV illumination induces decarboxylation of Glu222, which then allows the

chromophore to become fluorescent (Fig. B.5a).  Reversible photoactivation occurs in

proteins such as PA-mRFP1
27

 and the kindling fluorescent protein (KFP)
8
.  While the

exact mechanism of PA-mRFP1 is not known, KFP photoactivation occurs through

reversible cis to trans isomerization of the chromophore
28-30

, which is itself chemically

distinct from other known chromophores (Fig. B.5b).  Reversible photoactivation of

the protein Dronpa occurs through stable protonated and deprotonated forms of a

GFP-like chromophore
10

 (Fig. B.5c), though the exact mechanism for stabilization of

these states is not known.
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All known photoconvertible proteins undergo covalent modification to either

the immediate chromophore environment or to the chromophore itself.  The green-to-

red photoconvertible proteins, such as Kaede
6
, EosFP

16
, and KikGR

14
, all initially

form a GFP-like chromophore with a histidine in the first position (Fig. B.6a).  The

anionic form of this chromophore is green fluorescent, while the protonated form of

the chromophore is able to initiate an unusual !-elimination reaction when excited by

UV illumination
24, 25

.  This reaction extends conjugation onto the histidine side,

producing a red fluorescent chromophore (Fig. B.6a).  The cyan-to-green

photoconvertible protein PS-CFP
9
 appears to have a stabilized protonated GFP-like

chromophore in the pre-conversion state which is unable to undergo excited state

proton transfer (Fig. B.6b), and thus does not have the large Stokes shift seen in wild-

type GFP or its neutral-chromophore mutants.  Upon UV illumination, PS-CFP most

likely undergoes decarboxylation of Glu222, much like PA-GFP, leading to an altered

chromophore environment that favors the anionic, green fluorescent chromophore

(Fig. B.6b).

Future developments

Given the diversity of known fluorescent protein chromophore chemistries,

most of which were discovered in naturally occurring proteins rather than rationally

designed mutants, it seems likely that more surprises are yet to come.  The most

interesting developments may come from the extreme ends of the visual spectrum, as

more blue-shifted and far-red fluorescent proteins are cloned or engineered.



187

Additional mechanisms for photoconversion, both reversible and irreversible, may

also exist, and could emerge during the course of engineering these highly versatile

proteins.
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Figure B.1.  Chromophore structures for (a) GFP Y66F (x360/m442), (b) BFP

(x380/m440), (c) CFP (x434-452/m476-505), (d) Sapphire GFP (x399/m511), (e) GFP

S65T (x488/m510), and (f) YFP (x516/m529)
3
.
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Figure B.2.  Chromophore structures for (a) zFP538 (x529/m538)
12, 21

, (b) mBanana

(x540/m553)
1
, (c) mKO (x548/m559)

11
, and (d) mOrange (x548/m562)

1
 (S. J.

Remington and X. Shu, data used by permission).
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Figure B.3.  Chromophore structures for (a) DsRed (x558/m583)
12, 22, 23

, (b)

mStrawberry (x574/m596)
1
, (c) mCherry (x587/m610)

1
, (d) eqFP611 (x559/m611)

17,

31
, (e) mHoneydew (x487-504/m537-562)

1
, and (f) red form of Kaede (x572/m580)

6,

25
.
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Figure B.4.  Chromophore structures for (a) mGrape2 (x605/m636) (cis form), (b)

proposed mGrape2 trans form, and (c) mPlum (x590/m649)
2
 (S. J. Remington and X.

Shu, data used by permission).
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Figure B.5.  Chromophore structures for (a) PA-GFP
26

 before and after

photoactivation, (b) KFP
8, 28-30

 before and after photoactivation, and (c) Dronpa
10

before and after photoactivation.
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Figure B.6.  Chromophore structures for (a) PS-CFP
9
 before and after

photoconversion and (b) Kaede
6, 24, 25

 before and after photoconversion.
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