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Abstract

Fluorescent proteins have become indispensable imaging tools for biomedical research. continuing 

progress in fluorescence imaging, however, requires probes with additional colors and properties 

optimized for emerging techniques. Here we summarize strategies for development of red-shifted 

fluorescent proteins. We discuss possibilities for knowledge-based rational design based on the 

photochemistry of fluorescent proteins and the position of the chromophore in protein structure. 

We consider advances in library design by mutagenesis, protein expression systems and 

instrumentation for high-throughput screening that should yield improved fluorescent proteins for 

advanced imaging applications.

The discovery of homologs of GFP, which emit not only green but also yellow, orange and 

red fluorescence, has provided a powerful boost for in vivo labeling1. Similarly to GFP, 

these fluorescent proteins have been developed into monomers suitable for protein tagging: 

this includes conventional fluorescent proteins, fluorescent proteins with a large Stokes shift 

of fluorescence emission (LSS-FPs), photoactivatable and photoswitchable fluorescent 

proteins (PA-FPs and PS-FPs, respectively) and fluorescent timers2. Several advances in the 

design of red-shifted—such as orange, red, and far-red—fluorescent proteins (here generally 

referred to as red fluorescent proteins (RFPs)), and RFP-based biosensors with new spectral 

and photochemical properties have also been achieved: reduced autofluorescence, low light 

scattering and minimal absorbance at the longer wavelengths make RFPs superior probes for 

super-resolution, deep-tissue and two-photon imaging. However, no existing RFP is perfect; 

each still has some suboptimal key characteristics such as brightness, pH stability, 

photostability, maturation rate, photoactivation, photoswitching contrast or monomeric state 

(Supplementary Table 1). Some RFPs undergo undesirable photochromism and 

photoconversion during imaging or complex photobehavior during switching, and few 

attempts have been made to optimize such properties as intracellular life span and 

cytotoxicity. Although many RFPs have properties that are optimal for specific applications, 
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no single RFP combines several of them (Supplementary Table 2). Moreover, there is a 

large demand for RFPs with improved brightness. Also, monomeric LSS-FPs and PA-FPs 

are available in green and red colors only2,3. Finally, red-shifted fluorescent proteins also 

hold a great potential for the engineering of biosensors, but this has not been exploited in 

full as yet. Thus, we expect that new strategies for generating enhanced RFPs will have an 

impact on many fields.

Here we first describe chemical transformations of the RFP chromophores, the 

understanding of which gives the basis for a knowledge-guided design of new red-shifted 

fluorescent proteins. The chemistry of the RFP chromophores is more diverse and complex 

than that of the GFP-like chromophore and thus has substantially more potential for 

selection and fine-tuning. Nonetheless, although we focus on the development of new RFPs, 

the general themes we discuss apply to fluorescent proteins of all colors. Based on in depth 

analysis of the dependence of RFP properties on amino acids surrounding the chromophore, 

we describe approaches for the development of new red-shifted fluorescent proteins with 

desired phenotypes. Finally, we consider new methods to improve molecular evolution and 

discuss possible resulting RFPs for emerging imaging techniques.

Rational design of fluorescent proteins

A typical process for the development of fluorescent proteins with desired properties 

includes rational design followed by several steps of directed molecular evolution (Fig. 1 

and Supplementary Note). Rational design relies on knowledge about chromophore 

transformations in RFPs.

Chromophore transformations

The chemistry of RFPs is determined by the chromophore-forming tripeptide and its 

immediate environment. Although most chemical transformations occur in the chromophore, 

its amino acid microenvironment has a crucial role for catalysis. Currently known red-

shifted fluorescent proteins have one of two major types of red chromophores, called the 

DsRed-like chromophore 5a, 6a (see Fig. 2 for chromophore structure and numbering) and 

the Kaede-like chromophore 14, after the first proteins in which they had been found1,2.

Two chemical mechanisms for DsRed-like chromophore formation have been discovered2: 

it is formed either through autocatalytic post-translational modifications of a blue 

monomeric (m)TagBFP-like chromophore 4 (refs. 4,5) (found in mTagBFP6 and in the blue 

form of fluorescent timers7) or via induction by irradiation with violet light8, as in the case 

of PAmCherry9, PATagRFP10 and PAmKate11. The DsRed-like chromophore can exist in 

neutral 5b, 6b or anionic 5a, 6a states, which interconvert upon pH changes and excited-state 

proton transfer3,12. Cyclization of the N-acylimine group in the DsRed-like chromophore 

results in an mOrange-like or mKO-like 10 chromophore or a zFP538-like 9 chromophore, 

exhibiting orange emission1,2. Formation of the zFP538-like chromophore 9 is accompanied 

by backbone cleavage. The photoconversion of the DsRed-like chromophore 5a, 6a into the 

GFP-like chromophore 12 has been demonstrated for mKate, HcRed and DsRed using high-

power irradiation13. The converse transition 12 to 5a, 6a, called ‘redding’, was 

autocatalytic14 or induced by oxidants for several different GFPs15. Unlike the GFP-like 
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chromophore, the illumination of mOrange-like or mKO-like chromophores 10 resulted in 

an appearance of far-red 11 and red 5a species, respectively13,16; the absorbance (610 nm) 

and emission (650 nm) of these far-red species suggested formation of new type of 

chromophore (Supplementary Table 3). The far-red–shifted spectral properties of 

chromophore 7 observed in mRouge17, E2-Crimson18, mNeptune19 and TagRFP657 (ref. 

20) result from the realization of hydrogen bonding, stacking interactions and/or 

hydrophobic residues surrounding the DsRed-like chromophore.

The Kaede-like chromophore 14 is characteristic for the red state of green-to-red PS-FPs 

including Kaede, EosFP, mEos2, mIrisFP, Dendra2, mKikGR and mClavGRs1,2,21. In the 

green state, these Kaede-like PS-FPs have the GFP-like chromophore 12. The formation of 

the Kaede-like chromophore requires a histidine residue at the first position of the 

chromophore-forming tripeptide Xnn65-Tyr66-Gly67 (where Xnn is any amino acid and 

numbering of amino acids follows that of GFP), limiting its possible chemical 

transformations.

Based on the current data on fluorescent proteins, three conclusions can be formulated: (i) 

most chemical transitions between chromophore structures occur autocatalytically, 

photochemically (by photoinduction) or are blocked; (ii) the same chromophore structure 

can be either in a fluorescent state (that absorbs and emits) or in a chromo state (that absorbs 

but does not emit); and (iii) autocatalytic versus photoinduced versus blocked states and 

fluorescent versus chromo states are mainly determined by amino acid residues in the 

chromophore and in its nearby environment. Some of these conclusions can be illustrated by 

two RFP subfamilies, derived from mCherry and TagRFP (Fig. 2b,c). These observations 

form the physicochemical basis for the development of RFPs with new photochemical 

behavior.

Choosing a template

Choosing an appropriate starting template for development of fluorescent proteins is an 

important step that strongly influences the final results of the process. A list of possible 

templates is made based on their spectral and biochemical properties, using as criteria both 

the required phenotype and the availability of three-dimensional structures. High amino acid 

homology between potential precursors and already known RFPs with the desired phenotype 

but having different spectral characteristics or other suboptimal properties can be used as an 

additional screening criterion. It is preferable to select templates with beneficial 

characteristics such as high brightness, pH stability, photostability, fast maturation and low 

cytotoxicity. For example, the brightness, maturation and pH stability of PATagRFP and 

PAmCherry1 proteins correlates with those characteristics of their precusors10.

Knowledge-based mutagenesis

The knowledge of chromophore chemistry and overall protein structure enables the directed 

engineering of variants with required phenotypes (Table 1 and Supplementary Table 4). As 

stated above, the diverse chemical transitions and spectral and photochemical properties of 

red-shifted fluorescent proteins are mainly due to the interactions between the chromophore 

Subach et al. Page 3

Nat Methods. Author manuscript; available in PMC 2015 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and its immediate environment. The main targets for rational design are therefore the amino 

acid residues around the chromophore.

There are currently ~80 red-shifted fluorescent proteins of different phenotypes. An analysis 

of the properties of these existing RFPs and of their chromophore’s immediate environment 

suggests key and supporting positions for each phenotype. Amino-acid residues at the key 

positions provide a principal RFP phenotype, whereas residues at the supporting positions 

tune the RFP properties (Supplementary Note). Both key and supporting residues are 

responsible for the different photoinduced or autocatalytic chromophore transitions, 

photophysical chromophore properties and oligomeric state of RFPs (Table 1, 

Supplementary Table 4 and Supplementary Fig. 1). For example, an alignment of the amino 

acid sequences of red-shifted PA-FPs with those of the parental RFPs and with each other 

reveals positions at which the residues were substituted. This allows us to identify positions 

such as 69 and 203, minimally required for the photoactivatable-like phenotype, as key 

positions (Table 1). Additional analysis of literature on available mutants and on X-ray 

structures of the related RFPs allowed us to determine ten supporting positions responsible 

for this phenotype (Supplementary Table 4). We note that there are many examples where a 

particular property (for example, red color in DsRed) is a synergistic effect of the large 

number of residues, including many that are remote from the chromophore. How these 

positions control fluorescence properties via coupling to each other is poorly understood.

Based on suggested residues at the key (Table 1) and supporting positions (Supplementary 

Table 4), the template can be subjected to multiple site-specific mutagenesis at the chosen 

positions, beginning with residues at key positions and, in subsequent rounds, targeting 

supporting positions to optimize properties of fluorescent proteins. The PAmCherry9, 

PATagRFP10, rsTagRFP22, mRouge17 and mTagBFP-like6 and LSS-FP–like3 fluorescent 

proteins have different colors and photochemical behavior, and all of them were developed 

using rational mutagenesis at amino acids around the chromophore to find a weak 

phenotype, followed by random mutagenesis for the improvement of mainly brightness, 

maturation and photostability. A computer-based approach using the PHOENIX protein 

design software and FASTER algorithm can be used to eliminate amino acids incompatible 

with the β-barrel protein fold and generate focused small-size combinatorial libraries of RFP 

mutants17.

Directed evolution of fluorescent proteins

Creation of large libraries of mutants

Once rational design has resulted in primary clones with a required spectral phenotype, 

researchers typically take advantage of directed evolution for optimization. The first step in 

each round of molecular evolution is the generation of a large number (>105) of mutant 

genes. In vitro random mutagenesis, coupled with bacterial expression, has been effectively 

used to develop new red-shifted fluorescent proteins. In eukaryotic systems, different 

approaches must be taken to generate large mutant libraries. A recombinant vesicular 

stomatitis virus was recently reported to generate randomly mutated fluorescent proteins 

amenable to screening in mammalian cells23. The mutation rate and the size of the library 

were controlled by regulating the number of infected cells and the number of rounds of viral 
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replication. However, the likely presence and continuous replication of several viral 

genomes per cell may hamper efficient screening of clones for specific spectral phenotypes 

(Fig. 3). Gene-diversification processes, such as somatic hypermutation and gene 

conversion, occur naturally in B lymphocytes via an introduction of random point mutations 

in a certain gene and through random shuffling of complex genetic domains, respectively. 

These approaches have been introduced for high-throughput screening of non-antibody 

proteins and have been applied to develop RFPs24.

The main advantages of in vivo mutagenesis are expression of the protein library in the 

context of intracellular networks, substantially shorter time of sequence evolution and high 

diversity of mutants; viral mutagenesis is applicable to a wide spectrum of cell types and has 

advantage over somatic hypermutation and gene conversion approaches, which are limited 

to B lymphocytes. Furthermore, because these mutagenesis techniques use mammalian cells 

as hosts, they should result in the selection of mutants with low cytotoxicity and ones that 

are optimized for expression and stability in these cells.

Biological components of molecular evolution

New systems for the expression of gene libraries may help to improve directed evolution of 

fluorescent proteins and increase the number of biochemical parameters screened. With the 

exception of the above examples in eukaryotic cells, to date the molecular evolution of 

fluorescent proteins is mainly carried out via expression in Escherichia coli.

One property that could be substantially improved in new expression systems is intracellular 

half-life. Currently available fluorescent proteins typically have an intracellular half-life in 

mammalian cells of about 20–30 h (ref. 25). Short-lived fluorescent proteins variants with 

lifetimes of 0.5–10 h have been developed by fusing them with ubiquitinatable peptides25. 

However, fluorescent proteins with an extended intracellular lifespan are still in demand. 

Use of bacterial hosts other than E. coli, such as Thermus thermophilus that grow at 70 °C 

(ref. 26), could allow high-throughput screening for thermally stable fluorescent proteins, 

but this approach has not been implemented yet (Fig. 3). With some exceptions, a longer 

intracellular lifespan of proteins correlates with their higher thermostability in bacteria27 and 

mammalian cells, so that this approach could complement expression in mammalian cells as 

a way to screen for variants with longer half-lives and those that are more suitable for long-

term monitoring of proteins in vivo.

Phage, bacterial and yeast surface display of a fluorescent protein library offers a spectrum 

of screening conditions (proteases, temperature and denaturants) for higher stability of the 

displayed protein28. In particular, surface display of fluorescent proteins could provide an 

important future tool for screening of biosensors. Surface display of biosensor variant 

libraries would enable screening for interactions with potential ligands, substrates or 

metabolites. Surface displays of large proteins are well developed in yeast eukaryotic 

cells29, but typical library sizes are limited to about 105 clones. Bacterial surface display is 

not well established for large proteins and requires improvement30. The Bacillus subtilis 

endospore system (proteins are targeted to the endospore surface) may be promising in this 

regard because the expressed proteins do not need to cross a cytoplasmic membrane, but the 

low transformation efficiency of B. subtilis is a substantial limitation. An approach that 
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could in the future complement bacterial display for RFP-biosensor screening is in vivo 

compartmentalization31, based on compartmentalization of bacterial cells secreting RFP 

constructs in water-in-oil emulsions. But problems with ensuring the presence of single 

constructs per ‘cell’, with limiting the number of empty ‘cells’ and with preventing 

exchange of small molecules between compartments limit this approach and will need to be 

solved.

Instrumentation for high-throughput screening

The major high-throughput screening approach for evolution of fluorescent proteins is 

sorting of bacterial libraries using a fluorescence-activated cell sorter. However, it is limited 

by the available excitation sources32 and to the detection of essentially three parameters: (i) 

wavelength of fluorescence emission, (ii) fluorescence intensity and (iii) intensity of light-

scattering at two angles. The substantial improvements of the optical detection modes and 

fluidics formats discussed below have been implemented in proof-of-principle experiments, 

but these achievements have not been applied for RFP screening yet.

Fluorescence-activated cell sorter optical components can be developed by introducing new 

types of excitation and detection formats (Fig. 4). Recording the whole fluorescence 

spectrum33 during fluorescence-activated cell sorting (FACS) may enable efficient 

screening for far-red– and near-infrared–shifted fluorescent proteins. Detection of 

polarization or anisotropy would enable screening for monomeric RFPs lacking fluorescence 

resonance energy transfer (FRET) between similar chromophores (homo-FRET). 

Incorporating sequential irradiation with several synchronized lasers will make it possible to 

sort for high-speed photoswitching PA-FPs for photoactivated localization microscopy 

(PALM) of live cells.

FACS with fluorescence lifetime detection34 will permit additional improvement of FRET 

pairs of fluorescent proteins. It will accelerate the development of RFPs with distinctive 

lifetimes, which would provide new possibilities for imaging proteins in vivo, using a single 

excitation source and emission channel35. The fluorescence lifetime is proportional to 

quantum yield, and fluorescence lifetime measurements are independent of changes in probe 

concentration, excitation intensity and other factors that limit intensity-based 

measurements36. Thus we believe that fluorescence lifetime screening either in a low-

throughput format36, or using FACS34, holds great promise for the improvement of RFP 

brightness.

Finally, coupling a two-photon laser with a fluorescence-activated cell sorter37 provides a 

way to develop a new class of RFPs with greater two-photon excitation efficiency. Current 

RFPs have suboptimal two-photon brightness and photostability38, which are important 

properties for intravital imaging in animals.

Developments in the fluidics components of fluorescence-activated cell sorters could 

provide advanced platforms for screening of molecular fluorescent biosensors that include 

(i) rapid switching between buffers with distinctive properties or concentrations of 

substances to be ‘sensed’, (ii) automatic sampling from multiwell plates pretreated with such 

substances and (iii) use of biphasic unmixable suspensions of one liquid in another, such as 
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aqueous drops in a nonpolar carrier for bead-based in vitro transcription-translation systems. 

Several recent approaches such as those using microfluidic cytometers39 and a combination 

of imaging scanning cytometers40 with cell-isolation technologies41 could provide 

additional options for screening. Compared to FACS, these techniques are slower, but they 

provide longer time periods for cell detection and manipulations such as buffer exchange.

Installing cell lysis42 and PCR microfluidic chips43 at the output of fluorescence-activated 

cell sorters or microfluidic cytometers could accelerate re-cloning of fluorescent protein 

genes from eukaryotic, viral and phage expression systems into bacterial systems, for high-

throughput screening gene sequencing and protein production. Growing of cells in 

microdroplets44 would increase screening sensitivity, particularly for surface displays with a 

limited number of molecules of fluorescent proteins on the cell surface.

Advanced probes for emerging imaging approaches

Approaches such as super-resolution microscopy including stimulated emission depletion 

(STED) microscopy and PALM, deep-tissue imaging, intravital microscopy and two-photon 

microscopy demand fluorescent proteins with particular properties.

Commercial super-resolution STED microscopy requires far-red fluorescent proteins 

excitable with red lasers, such as 633 nm HeNe and 635–640 nm laser diodes18,20. 

Similarly, far-red or near-infrared fluorescent proteins are necessary for deep-tissue and 

whole-animal imaging, as oxyhemoglobin, deoxyhemoglobin and melanin do not absorb 

light at these wavelengths (650–900 nm), and light scattering from cellular components is 

decreased as well. To date the most far-red shifted fluorescent proteins, such as E2-

Crimson18, mNeptune19 and TagRFP657 (ref. 20), have in common a DsRed-like 

chromophore, and have excitation and emission maxima limited to about 610 nm and 650 

nm, respectively. The ‘cost’ of the far-red shift of the DsRed-like chromophore is a 

substantial drop in its quantum yield. Furthermore, quantum yield also decreases with the 

increasing Stokes shift of emission. As there is a correlation between the absorbance and 

emission wavelengths and the number of the conjugated double bonds (Supplementary 

Table 3), one possible way to develop far-red fluorescent proteins could be to design a 

chromophore with more double bonds than in the DsRed-like chromophore. The Kaede-like 

chromophore 14 is a good candidate; it has more double bonds than DsRed-like 

chromophore 5a, 6a and a far-red shoulder at 627 nm. Kaede-like far-red fluorescent 

proteins could be developed by causing the light-inducible transition from structure 12 to 14 

to proceed autocatalytically. Another approach may be to exploit the fact that the mOrange-

like chromophore 10 undergoes photoconversion to far-red species 11. Thus, far-red 

fluorescent proteins could be developed by causing the transition from structure 10 to 11 to 

occur autocatalytically, with no light. A third approach may exploit hydrogen bonding, 

stacking and hydrophobic interactions around the DsRed-like chromophore to obtain a far-

red–shifted chromophore 7a,b,c.

STED microscopy is typically limited to fixed cells because of the extremely high light 

intensity (10 MW cm−2)—which is harmful to live cells—required for the depletion of the 

excited state of fluorescent proteins45. However, a STED microscopy modification, called 
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reversible saturable optical transitions (RESOLFT), can be applied for live cell super-

resolution microscopy. RESOLFT uses RS-FPs, which typically require relatively low 

photoswitching intensity of 1–10 W cm−2, but scanning is typically performed several tens 

of times. Presently available RS-FPs have low photostability, which does not allow their use 

for many switching cycles of RESOLFT. RS-FPs with substantially higher photostability 

need to be engineered. RS-FPs with photoswitchable absorbance spectra could be also used 

as acceptors in photochromic FRET approaches22. This should facilitate detection of 

protein-protein interactions, provide internal controls for FRET and could enable the 

determination of the distance between interacting protein pairs.

Finally, multicolor localization microscopy of single molecules, such as PALM and its 

variants, requires PA-FPs of different colors46. Currently, monomeric PA-FPs are limited to 

green and red1,9,10,46–49. Analysis of chemical transformations of the RFP chromophores 

provides putative rational strategies to develop orange and far-red PA-FPs photoactivatable 

with violet light, for instance via making light-inducible the autocatalytic steps from 

structure 4 to 10 and from structure 4 to 7a,b,c (Fig. 2). PA-FPs with photoactivation bands 

in the near-UV or green wavelength ranges could expand the palette of single-molecule 

super-resolution approaches even further16. For example, a blue PA-FP, photoactivatable 

with near-UV light and excitable with violet light, could be engineered by blocking the 

photoinducible transition from structure 4 to 5a,b (Fig. 2).

PALM with PA-FPs is limited to a localization precision of 15–20 nm9 that allows for 

estimation of co-localization of two proteins but makes it difficult to determine whether the 

proteins physically interact with each other. Combining FRET with two-color PALM could 

solve this problem, but it is difficult because simultaneous photoactivation of the PA-FP 

donor and PA-FP acceptor in the interacting protein pair is highly unlikely. However, an 

acceptor PA-FP photoactivatable via FRET from a conventional fluorescent protein donor 

could allow super-resolution imaging of protein-protein interactions. A PA-FP acceptor with 

the photoactivation band in a green-orange wavelength range would be required for this 

purpose. Such PA-FPs could be also useful for intravital photoactivation experiments 

because green-orange light is substantially less phototoxic than violet50.

Multicolor fluorescence imaging using a single excitation wavelength could be possible with 

LSS-FPs of different emission wavelengths. The excitation of such LSS-FPs with the same 

one-photon laser would permit researchers to image several probes simultaneously. 

Determination of chromophore environments in green and red LSS-FPs3 resulted in the 

elucidation of several excited-state proton transfer pathways that cause the LSS emission. 

Engineering of these pathways into existing conventional RFPs could yield LSS probes with 

orange and far-red fluorescence. Moreover, multicolor LSS-FPs with close excitation 

maxima could be applied for intravital imaging using two-photon excitation with a single 

wavelength of the two-photon laser.

Conclusions

Despite the availability of increasingly sophisticated rational design software, it is unlikely 

that the structure-based approaches alone will be sufficient to solve all future demands for 
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engineering of fluorescent proteins. Analysis of chromophore transformation mechanisms 

suggests that fluorescent probes with novel features can be designed based on existing 

monomeric fluorescent proteins, using a combination of rational engineering and high-

throughput screening techniques. Improvements both in the biological and instrumental 

components of directed molecular evolution should increase the palette of red-shifted 

fluorescent proteins with advanced biochemical and photochemical properties. Advanced 

fluorescent proteins will not only solve some of the limitations of current microscopy 

methods but will in turn stimulate the development of novel fluorescence-detection 

technologies, in vivo imaging approaches and image-processing techniques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Steps in the directed molecular evolution of fluorescent probes. Vertical arrows indicate the 

typical order of steps. Horizontal arrows represent possible transitions between the steps of 

molecular evolution, which can be repeated several times in different order.
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Figure 2. 
Major chemical transformations of the chromophores in red fluorescent proteins. (a–c) 

Transformations in fluorescent protein subfamilies derived from red fluorescent protein (a), 

mCherry (b) and TagRFP (c). The colored shading of the chemical structures (a) and 

chromophore numbers (b,c) correspond to the spectral range of the chromophore 

fluorescence emission. Gray shading denotes the nonfluorescent state; [H] denotes 

reduction; and [O] denotes oxidation. The chromo states (structures 5, 10 and 13) are not 

necessarily caused by a cis-trans chromophore isomerization but may result from 

modifications of the chromophore environment of the same isoform that decrease quantum 

yield. hv, photon.
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Figure 3. 
Methods that could improve molecular evolution of fluorescent proteins. (a–e) Schematics 

depict eukaryotic cell–based mutagenesis methods (a,b) and advanced protein expression 

systems (c–e). Cylinders denote fluorescent protein molecules. Error-prone replication of 

virus (a) causes point mutations in the viral genome containing a target fluorescent protein 

gene; after several rounds of replication, the cell expresses mutated fluorescent protein 

genes. Somatic hypermutations and gene conversion in eukaryotic cells (b) allow for 

creation of large random mutant gene libraries during cell proliferation (note that only one 

type of fluorescent protein mutant is produced per cell). Expression of fluorescent protein 

libraries (c) in thermophilic bacteria for selection of more stable fluorescent proteins. 

Surface display (d) of fluorescent protein libraries could facilitate screening for fluorescent 

protein stability under different environmental conditions or for fluorescent protein–based 

biosensors. In vitro compartmentalization (e) of bacteria in water-oil-water or water-

agarose-water droplets should enable screening for fluorescent protein–based biosensors.
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Figure 4. 
Possible FACS-based screening approaches for red-shifted fluorescent proteins. The 

respective red fluorescent proteins expected to result from each method are listed on the 

right. The schematic depicts cells or other hosts expressing fluorescent proteins being mixed 

with ligand, substrate or metabolite with different delays before fluorescence screening. A 

standard one-photon laser excites flowing cells, and the resultant fluorescent signal is 

dispersed with a diffraction grating (triangle) and projected onto an array detector 

(rectangle) for recording of a complete emission spectrum. A two-photon laser excites the 

cells with two low-energy photons (hv1) and the resulting fluorescence emission (hv2) is 

detected. Linearly polarized laser excitation and the emitted fluorescence signals have 

different degrees of polarization depending on the size of fluorescent molecules and FRET 

efficiency between them. Cylinders denote fluorescent proteins in monomeric and dimeric 

states. Modulated excitation (yellow sinusoid) results in a phase shift, Δϕ, between the 

fluorescence emission (red) and side-scattered excitation light (SSC; yellow), which is used 

to compute the average fluorescence lifetime of fluorescent proteins in a cell.
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