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Directed evolution of excited state lifetime
and brightness in FusionRed using a microfluidic
sorter†
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Green fluorescent proteins (GFP) and their blue, cyan and red counterparts offer unprecedented

advantages as biological markers owing to their genetic encodability and straightforward expression in

different organisms. Although significant advancements have been made towards engineering the key

photo-physical properties of red fluorescent proteins (RFPs), they continue to perform sub-optimally

relative to GFP variants. Advanced engineering strategies are needed for further evolution of RFPs in the

pursuit of improving their photo-physics. In this report, a microfluidic sorter that discriminates members

of a cell-based library based on their excited state lifetime and fluorescence intensity is used for the directed

evolution of the photo-physical properties of FusionRed. In-flow measurements of the fluorescence lifetime

are performed in a frequency-domain approach with sub-millisecond sampling times. Promising clones are

sorted by optical force trapping with an infrared laser. Using this microfluidic sorter, mutants are generated

with longer lifetimes than their precursor, FusionRed. This improvement in the excited state lifetime of the

mutants leads to an increase in their fluorescence quantum yield up to 1.8-fold. In the course of

evolution, we also identified one key mutation (L177M), which generated a mutant (FusionRed-M) that

displayed B2-fold higher brightness than its precursor upon expression in mammalian (HeLa) cells.

Photo-physical and mutational analyses of clones isolated at the different stages of mutagenesis reveal

the photo-physical evolution towards higher in vivo brightness.

Insight, innovation, integration
Red Fluorescent Proteins (RFPs) are advantageous for live-cell imaging owing to their low optical attenuation and phototoxicity for excitation beyond 550 nm.
FusionRed, an RFP optimized for high fusion efficiency, low dimerization in vivo and low cytotoxicity in cells and tissues, is dim compared to more widely-used
RFPs. We developed a microfluidic flow cytometer for sorting cell-based libraries employing both fluorescence lifetime and brightness criteria and used it to
(1) visualize photophysical evolution of clones, (2) increase the fluorescence quantum yield leading to improved brightness in FusionRed variants expressed
in yeast cells, and (3) produce a two-fold improvement in brightness of a FusionRed variant expressed in mammalian cells, making it comparable to that
of mCherry, the most widely-used RFP.

Introduction

Fluorescent proteins (FPs) have become an indispensable tool
for biological and biomedical research because their genetic
encodability makes them exceptional probes for tracking
cellular components in specific cellular compartments.1 Red
fluorescent proteins are excited with relatively long wavelengths
of visible light beyond the absorption bands of endogenous
cellular constituents, so they are particularly useful for imaging
of tissues and long-term imaging with minimal photo-toxicity.2

This utility motivates the engineering of brighter, more photo-
stable FPs with red-shifted emission.3–6
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The main drawback of RFPs is their lower brightness
compared to the green and yellow FPs. The cellular brightness
for time-lapse imaging of FPs depends on many factors includ-
ing the extinction coefficient, fluorescence quantum yield,
expression levels (controlled by chromophore maturation,
protein folding and expression from the DNA to the protein
level) and photostability. Most widely-used FPs have been
developed by engineering the chromophore-forming residues,
their immediate environment7,8 or dimeric interfaces9 combined
with random mutagenesis. Several rounds of mutagenesis and
selection are usually required to obtain an FP with improved
properties. There is evidence that mutations in the distal regions
of the b-barrel can modulate the photo-physical properties of the
FPs in unique ways, e.g. through fluctuations of the b-barrel.10,11

Engineering of these residues could enhance the photo-physical
diversity of the library designs and facilitate the development of
substantially improved, next-generation FPs. However, the
effects of individual mutations are often context-dependent
and co-evolve with other residues but inclusion of additional
target residues increases the library size exponentially.12 These
considerations drive the need for high information-content,
high-throughput cell selection methods. Conventional methods
include screening on plates,8 and/or fluorescence-activated cell
sorting (FACS). Methods for screening of bacterial colonies are
moving towards higher information content. For example,
Mizuno and coworkers used an automated imaging system to
develop photoswitchable variants of Dronpa,13 and Duwe et al.
screened B105 colonies to isolate photoswitchable versions of
enhanced GFP.14 Also, a fluorescence lifetime imaging system
was utilized to acquire a fluorescence lifetime image of an entire
petri dish to determine the lifetime and brightness of individual
bacterial colonies.15 Since the fluorescence quantum yield of FPs
is correlated with the fluorescence lifetime (ESI,† Fig. S1), FPs
with high quantum yield and brightness can be selected.11,15,16

A limitation of plate-based screening is that measurements on
colonies average over many cells, leaving unresolved hetero-
geneity of photo-physical and biochemical properties at the
single-cell level. This heterogeneity can be significant and critical
for applications of FPs and biosensors based on them.17,18 As an
example, Arnfinnsdottir et al.’s work on heterogeneity in GFP
expression in isogenic populations of P. putida elucidated how
the clonal populations do not always scale to individual cellular
behavior.18 Such heterogeneities are avoided when one uses
single cell FACS based methods to characterize photo-physical
properties in cells.

In contrast, FACS is capable of screening 4107 member
libraries with high throughput at single cell resolution. Wang
et al. employed multiple rounds of FACS-based sorting of FP
libraries to generate mPlum by red-shifting the emission wave-
length of a DsRed variant.19 However, FACS-based selections
are limited to fluorescence intensity at a few excitation/emission
wavelengths. To explore the broad fitness landscape of FPs and
select mutants with a diverse range of photo-physical properties,
more sophisticated fluorescence-based cell sorting techniques
are required. For example, fluorescence lifetime is directly
proportional to the quantum yield and independent of the

expression level. Hence, increasing the fluorescence lifetime
directly leads to an enhancement of quantum yield (ESI,†
Section S1), and thus improved brightness if there is no or little
change in the extinction coefficient. Both time and frequency-
domain fluorescence lifetime measurements have been imple-
mented into flow cytometry but the application in directing the
evolution of FP libraries towards higher quantum yield has not
yet been described.

Frequency-domain lifetime methods utilize sinusoidal mod-
ulation of the excitation laser at radio frequencies, resulting in
fluorescence signals oscillating at the same frequency (o) as the
excitation but with a phase shift (y) that is related to the excited
state lifetime (t) of the fluorophore:

y = tan�1(ot).

Therefore, the measurement of phase shift reveals the
excited state lifetime of the fluorophore (ESI,† Section S6).
Although time-domain approaches are capable of extracting
the multi-exponential nature of fluorescence decay in a flow
cytometric platform,20 we use a frequency-domain technique
due to its relatively higher throughput and simplicity of imple-
mentation with a commercial high-speed lock-in amplifier.

Frequency-domain flow cytometry was first demonstrated to
measure fluorescence lifetimes from fluorescent beads and
cells labeled with dyes, which exhibit similar emission spectra
that are difficult to resolve.21,22 Though fluorescence lifetime
measurement combined with flow cytometry was mostly used for
the purpose of analysis and screening in early developments,23,24

many recent efforts have been made to incorporate sorting
ability. Cao et al. used the analog method22 to sort cells and
beads labeled with fluorophores with spectrally overlapping
fluorescence based on the lifetime, with a priori knowledge of
the fluorophore lifetimes.25 This approach utilizes an intensity-
modulated excitation source and requires phase sensitive detec-
tion electronics to obtain the average fluorescence lifetime.
Houston and coworkers demonstrated sorting of fluorescent
beads based on a digitally modulated excitation source and
lifetime analysis using the frequency-domain technique modified
with an open reconfigurable cytometric acquisition system capable
of digital signal-processing.26 Though a priori knowledge of the
lifetimes of the fluorophores is not required in the digital system,
the system loses out to the better signal to noise ratios seen in
analog systems. Using the digital system, Sands et al. developed a
method to simultaneously measure the phase delay related to the
fluorescence lifetime and the emission modulation depth as an
additional criterion, and demonstrated the ability to sort cells
expressing isospectral FPs with differing lifetimes.27 The digital
technique was further developed by Yang et al. to screen two near-
infrared FPs based on lifetimes, demonstrating the ability to
distinguish two FPs with similar emission intensity.28 While these
studies demonstrated sorting of cells containing a small set
(usually two kinds) of FPs based on the fluorescence lifetime,
there is no report on sorting an FP library and its applications.

We first reported a microfluidic platform capable of select-
ing RFP mutants with improved photostability.29,30 In another
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study, multiparameter photo-physical analysis of RFP libraries
was performed to quantify the brightness, photostability and
fluorescence lifetime of cell-based libraries using a custom-
built analog phase sensitive microfluidic cytometer.31 Here, we
describe further development in combining sorting with life-
timemeasurements on libraries of FusionRed (abbreviated as FR),
a protein developed to address the dimerization and cytotoxicity
issues observed in several RFPs.9 With its reduced dimerization
tendency,32 improved fusion efficiency and low cytotoxicity,9

FusionRed has the potential to be an excellent bio-marker for
live-cell imaging, but its relatively low molecular brightness due to
its low fluorescence quantum yield and low cellular brightness
relative to mCherry, the most commonly used RFP, limit its
attractiveness. We hypothesized that an improvement in the
excited state lifetime would lead to an increase in the quantum
yield of this FP, resulting in enhanced molecular brightness.
We also hypothesized that the low brightness of FusionRed in
cells originates from the low protein expression level since
the molecular brightness of FusionRed9 is higher than that
of mCherry.7 We demonstrate the use of our instrument to
‘‘watch’’ FusionRed clones evolving towards higher quantum
yield through multiple rounds of error-prone PCR (EP-PCR)
mutagenesis and selection. This process led to the generation
of substantially brighter FusionRed variants. To the best of our
knowledge, our work is the first to report the use of a frequency-
domain flow cytometer for the directed evolution of FP lifetime,
quantum yield and brightness.

Experimental section
Microfluidic design & manifold assembly

We adopted a 2D hydrodynamic focusing microfluidic design
from our previous work, consisting of three inlets (sheath, sample
and sheath) and two outlets (collection and waste).29,33 Cell
suspensions are flowed through the middle channel, which is
focused onto a narrow stream by two sheath channels. Details
of the design are given in the ESI,† Fig. S2a. The chip is sealed
to a polytetrafluoroethylene (PTFE) manifold with O-rings
(ESI,† Fig. S2b). Three inlets of the manifold are connected
with and regulated by three pressure-controllers (Pneutronics,
OEM, EPS10-5-0-2) for independent control of the flow in each
channel. The inlet reservoirs of the manifold can be filled with
up to 150 ml of sample or sheath buffers. The two outlets
(collection and waste) are open to ambient pressure.

Optical set-up

The optical set-up for the microfluidic sorter is presented in the
ESI,† Fig. S3. A 561 nm laser (Genesis MX, Coherent, 1W) beam
is split with a 70 : 30 beam splitter. The higher power beam is
directed through an electro-optic modulator (EOM, ThorLabs,
EO-AM-NR-C4) that amplitude-modulates the beam at a
frequency of 29.5 MHz. Before the beam enters the EOM, it is
focused with a lens to fit into the EOM aperture. Two polarizers
(Newport) and a half-wave plate (Newport) are used to control
the power of the lifetime beam after the EOM. The lower power

beam and the modulated beam pass through a 150 mm plano-
convex cylindrical lens, transforming the circular beams into
elliptical ones. The elliptical beams from the cylindrical lens
enter the side-port of a commercial inverted microscope
(Olympus IX71), reflected through a dichroic mirror (Semrock,
FF573-Di01-25x36), and focused into the microfluidic chip
through an air-objective (Olympus, 20�, NA 0.45). The FWHM
of the lifetime beam is measured to be 9 mm and 56 mm in the
minor and major axes of its elliptical spatial mode, respectively.
The other beam has similar dimensions. Epifluorescence from
cells expressing RFPs is separated from the excitation beams
using a band-pass filter (Semrock, FF01-629/56-25). Subse-
quently, the lifetime and timing beams are spatially separated
with mirrors and slits and collected by two red-wavelength
sensitive photo-multiplier tubes (PMT, Hamamatsu R9880U-20)
as illustrated in the ESI,† Fig. S3.

Detection electronics

The electronic components for detection, amplification and
processing of fluorescence signals are schematically illustrated
in the ESI,† Fig. S4. A function generator (Agilent, 33520B) is
used to provide a sinusoidally modulated electrical signal with
10 V (peak-to-peak) at 29.5 MHz to drive the EOM, and also send
a 1 V peak-to-peak reference signal to the lock-in amplifier. The
fluorescence signal obtained from the lifetime PMT is split into
two components (high and low frequencies) using a biased-tee.
The high frequency component (B30 MHz) is directed to a
custom-made amplifier and then sent to a lock-in amplifier
(Zurich Instruments, UHF) for frequency-domain lifetime
measurements. The lock-in amplifier outputs in-phase and
quadrature phase signals that are used for frequency-domain
measurements of the excited state lifetime of the RFP mutants.
The low frequency components (o83 kHz) from the biased-tee,
along with the signal from the timing beam are further amplified
with a home-built trans-impedance amplifier for improving the
signal-to-noise ratios. Electronic amplification of the fluorescence
signal from the lifetime beam is achieved by either a linear or a
logarithmic trans-impedance amplifier. The logarithmic amplifier
has a higher dynamic range and thus helps in resolving the
brightness of a mixture of mutants better than the linear amplifier
(ESI,† Fig. S5). Finally, all the signals are digitized at 125 kHz,
16-bit resolution by a data acquisition card (DAQ, National
Instruments BNC-209a, PCI-6251 with NI-SCX). The DAQ board
communicates with a target computer that runs the LabView
RealTime module to analyze the digitized data streams, identify
the isolated non-overlapping bursts of peaks due to the passage of
cells through the laser beams, and perform selection decisions
based on user-defined thresholds of lifetime, fluorescence intensity
or transit time of the cells. The Target computer is connected to a
Host computer that controls the operation of the sorter and is used
for real-time data display.

Cell culture, library generation, and sample preparation

We employ yeast (Saccharomyces cerevisiae) as the host organism
for this work because we aimed to carry out a selection in
eukaryotic cells rather than prokaryotic cells. Yeast cells also
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offer advantages in library generation, screening, and sorting
because the recovery of yeast cells after sorting is faster than
mammalian cells due to their fast doubling time (B90 minutes
in yeast versus B20 h in HeLa cells, respectively). However, the
results suggest that RFPs developed from yeast cells do not
necessarily retain their performance in mammalian cells, despite
both being eukaryotic cells.

For all the EP-PCR libraries described in this report, a typical
error-rate is used that incorporates B5 mutations (at the
nucleotide level) per template. To achieve this mutation rate,
100–500 ng of initial target DNA and 30 PCR cycles are used.
Typical size of the EP-PCR library is B3 � 106. Assuming the
mean mutation frequency per gene as 5 and length of the
template as 708 base pairs, each library contains B2 � 106

number of distinct full-length FP variants. The analysis of
distinct mutants in EP-PCR libraries is based on the algorithm
by Patrick et al.34 Details of the library generation protocol are
provided in the ESI,† Section S7.

For the microfluidic screening of yeast cells containing
RFPs, the corresponding library or the culture is freshly grown
from a stored stock and expressed transiently. A 0.5 ml volume
of stored culture media is added to 10 ml solution of growth
media (yeast nitrogen base, ammonium sulphate, dextrose) and
grown for 8 h. Next, 0.5 ml of this freshly-grown cell culture is
added to 10 ml solution of induction media (yeast nitrogen
base, ammonium sulphate, galactose, raffinose). Cells are screened
or sorted 17–20 h after induction. During growth and expression,
the cultures are incubated at 30 1C and constantly shaken
at 250 rpm.

For screening/sorting, yeast cells expressing the library are
diluted (10–20 fold) with the blank media (yeast nitrogen base,
ammonium sulphate) containing 14% OptiPrep (60% weight/
volume iodixanol in water), and subsequently filtered using
a 40 mm filter to remove cell debris prior to loading into the
microfluidic chip.

Multi-parametric screening

Microfluidic screening reveals the fluorescence intensity and
excited state lifetime profiles of the individual mutants or RFP
libraries (Fig. 2a and b). Based on the initial screening results of
a library, a decision is made to sort a sub-population of the
library having a significantly longer lifetime and/or higher
fluorescence intensity for further enrichment and selection as
described in greater detail in the Results section.

As a cell passes through the lifetime and timing beams
(Fig. 1), fluorescence signals are detected by two PMTs. After
signal processing (ESI,† Fig. S4), digitized data from the PMTs
are analyzed by custom-made LabView software that quantifies
the excited state lifetime of the mutants from the in-phase (VI)
and quadrature phase (VQ) values provided by the lock-in
amplifier (ESI,† Section S6).

For assessing the brightness of the mutants, the fluorescence
intensity from the lifetime beam was used. During the micro-
fluidic screening, either a linear or a logarithmic amplifier was
used for the amplification of the lifetime PMT signal. Although
both amplifiers clearly resolve the excited state lifetime of the

mutants, owing to its higher dynamic range, only the logarithmic
amplifier captures the peak of the fluorescence intensity (ESI,†
Fig. S5). The screening in the microfluidic setup is operated at a
typical rate of B30 cells per s, which optimizes the flow rates,
signal processing and data storage in the current electronic
and software configuration. Higher screening speeds can be
achieved with faster electronics such as a field-programmable
gate array (FPGA) based system.

Selection of improved fluorescent protein variants

Once the lifetime and brightness profiles of an RFP library are
revealed through the microfluidic screening, the next step is
to sort the mutants with desired photo-physical properties.
We employ optical force gradient-based sorting that does not
require a high-NA objective and is compatible with live cells.
Typically, 6–8 W from a 1064 nm laser is required to generate
force for cell deflection, and details relevant to the optical
design of the trap laser have been discussed in a previous
report by Davis et al.29

The sorting process is illustrated in Fig. 1. First, the flow is
biased to direct cells into the waste channel. The trap-laser is
focused onto a place close to the junction of collection and
waste channels and slightly below the sample stream. The trap
laser is only turned on (and moves from the lowest position of
the triangle along the direction of the arrows shown in Fig. 1)
after the LabView software makes a sorting decision, based on
the thresholds of the desired photo-physics for the experiment.
The LabView software measures the distance between A and B
when the pixel positions of the lifetime and timing beams are
entered. From the transit time of cells from A to B (TAB) and the
physical distance between them, the velocity of the cells in
the microfluidic channel is computed. From the measured cell
velocity and the distance from B to C and C to D, the transit
time of the cell to travel BC (TBC) and CD (TCD) are calculated.
TBC and TCD determine the delay time and the sweeping velocity
of the trap laser so that the trap laser intercepts the cell and
deflects it to the collection channel. However, the speed of the
cells is not uniform in the microfluidic channel and tends to
decrease in the sorting junction. To account for this effect,

Fig. 1 (left) Sorting of improved RFP variants with optical gradient force
switching. Details of the sorting procedure are described in the main text.
A portion of the microfluidic is zoomed in to display a yeast cell being
sorted into the collection channel. (right) The stack of images displaying
multiple frames of a yeast cell in flow being sorted by the trap laser.
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another adjustable parameter (Extra Delay) was added in the
software. The value of the Extra Delay parameter is optimized to
increase the sorting efficiency through visual inspection of the
cell trajectory in the camera. Once the sorting efficiency is
optimized, mutants with improved photo-physical properties
can be sorted based on user-defined thresholds.

After the enrichment of a subpopulation by microfluidics,
the FP library is expressed on agar plates. Next, single mutants
are picked from the plates guided by the individual colony
lifetimes for further characterization. The lifetime of an indi-
vidual colony was measured in a fashion similar to the in-flow
phase fluorimetry. The lifetime beam (Fig. 1) was manually
focused onto single colonies at a low excitation intensity to
avoid saturation of the PMT. The PMT signal was demodulated
by the lock-in amplifier (Zurich Instruments, UHF). The result-
ing in-phase and in-quadrature outputs were digitized and
processed to extract fluorescence lifetime values. To verify the
performance of this technique, mCherry and TagRFP-T colonies
were used as references. Each plate contained B200 colonies
and it took B30 minutes to screen the plate manually based
on the fluorescence lifetime of individual colonies. If the FP
libraries were plated and screened without microfluidic enrich-
ment for the selection of mutants, it would takeB75 h to screen
B30 000 cells. However, automated cell/colony-picking can
enhance the speed of plate-based selections.35

Results
Error-prone FusionRed library

We first generated a randommutagenesis library (EP-PCR library),
then subjected it to multiple rounds of multi-parametric micro-
fluidic sorting to select the desired sub-library, followed by plating
and selection of colonies based on the excited state lifetime. Fig. 2
displays the screening results of FusionRed (wild-type) and the
EP-PCR library expressed in yeast. The library contained a small
population (B5%) with longer excited state lifetime than the

wild-type FusionRed. Three rounds of microfluidic sorting were
performed to enrich this population (Fig. 2b; population in the
pink box) with a selection gate: lifetime 42.2 ns. In each round of
sorting, typicallyB2500 cells were isolated from a pool ofB30000
cells and grown thereafter for subsequent sorting. Following these
enrichments, the library was expressed on galactose-containing
plates. Approximately 20 mutants of FusionRed were selected from
these plates, guided by the excited state lifetime of the colonies
(Experimental section).

Out of several FR mutants selected from the lifetime-
enriched libraries, the excited state lifetimes of FR-1 and
FR-13 were found to be 2.5 ns and 2.8 ns (measured in micro-
fluidic screening) respectively, which was significantly higher
than the lifetime of FusionRed (2.0 ns). Though FR-1 has a
shorter excited state lifetime compared to FR-13, its high cellular
brightness shows its potential. Therefore, FR-1 and FR-13 were
chosen as templates to engineer mutants with higher bright-
ness. Some clones exhibit longer lifetimes but low brightness,
this can be either due to reduced extinction coefficients at
561 nm excitation or poor expression of such FP mutants at
the cellular level. Thus, some clones with a longer lifetime
and low brightness may be a consequence of heterogeneity in
expression levels.

FR-13 mutant

FR-13 was expressed and purified from E. coli and a series
of photo-physical characterizations were carried out. Table 1
displays the photo-physical properties of FR-13 and FusionRed.
As expected, measurements in purified protein revealed a signifi-
cant increase in lifetime of FR-13 compared to FusionRed. The
B1.5-fold increase in lifetime of FR-13 correlated with an approx-
imate B1.8-fold enhancement of quantum yield as compared to
its precursor, FusionRed. The in vitro brightness calculated from
the values of emax and j of this mutant is B2.6 fold higher than
wild-type FusionRed. The in vitro brightness of FR-13 reflects the
effectiveness of selection based on the correlation between the

Fig. 2 Microfluidic screening dot plots displaying lifetime and brightness (fluorescence signal in volts) profiles of FusionRed (pseudocolor indicates the
normalized cell counts at a certain value of brightness and lifetime on the plot – from yellow indicating the highest till indigo indicating the lowest) (a) and
the FusionRed EP-PCR library (b) generated by random mutagenesis. The library contained a population with a longer lifetime (enclosed in the pink box).
(c and d) The EP-PCR library was subjected to microfluidic-based sorting to enrich the population with lifetime longer than 2.2 ns. After three rounds of
sorting, the percentage of the population with lifetime longer than 2.2 ns increased from 5% to 79%. The FR-13 and FR-1 mutants were selected from this
lifetime-enriched population.
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excited state lifetime and quantum yield from the perspective of
photo-physics. However, the brightness of FR-13 measured by
FACS screening (Table 1) and microfluidic screening (Fig. 3c) in
yeast showed that it was dimmer than FusionRed. These incon-
sistencies between in vivo and in vitro brightness of FR-13 may be
attributed to its slower chromophore maturation or lower expres-
sion efficiency in yeast.

Sequencing of FR-13 revealed the followingmutations relative
to FusionRed: H25Y, V49I, F83Y and A224T. The amino acid
residues were numbered by aligning the sequence of the FR
mutants with the avGFP sequence as carried out in the original
report on FusionRed.9 The sequence alignment is presented in
the ESI,† Section S10.

To improve the in vivo brightness of FR-13, we first investi-
gated the roles of the four mutations. Of these, only position
224 was internal (facing into the b-barrel) while others were
located either in the a-helix (F83) or facing outward of the
barrel (H25 & V49). We reverted the mutations individually back
to the original FusionRed residues (i.e. constructed FR-13
Y25H, FR-13 I49V, FR-13 Y83F and FR-13 T224A) and performed
microfluidic screening in yeast cells. We observed that the
introduction of a T224A mutation in FR-13 resulted in improved

brightness and reduced excited state lifetime (ESI,† Fig. S6), and
therefore concluded that the longer lifetime and lower brightness
of FR-13 originated solely from the A224T mutation.

These photo-physical measurements led us to hypothesize
that targeting of position 224 with full saturated mutagenesis
might yield FR-13 mutants with similar or higher lifetime and
improved brightness. However, the site-directed libraries generated
by targeting only A224 or in combination with other positions
mutated in FR-13 i.e. H25, V47 & F83 did not produce variants
with higher brightness or longer lifetime. We therefore turned to
a random mutagenesis approach.

Multiple rounds of error-prone mutagenesis on FR-13 and
subsequent microfluidic enrichment based on brightness
generated three mutants (Fig. 3 and ESI,† Fig. S7) that showed
improved brightness in yeast: FR-F, FR-G and FR-H. Purification
of these mutants and in vitro characterization revealed higher
molecular brightness (quantum yield � extinction coefficient)
relative to FusionRed (Table 1). Details of the evolution of FR-13
mutants are described in the ESI,† Section S9.

FR-F, G and H mutants showed higher brightness in yeast
(Fig. 4a), thus could be useful for expressing in yeast consider-
ing the advantages of FusionRed mutants. However, when they

Table 1 Photo-physical properties of the mutants derived from FR-13. Brightness values in yeast are the mean fluorescence intensity in the cells
expressing the mutants as measured by FACS (Fig. 4a). Values of labs and lem are the maximum wavelengths of visible absorption and emission spectra,
respectively, t is the excited state lifetime, j is the fluorescence quantum yield, and emax is the extinction coefficient at the absorption peak. Details of
photo-physical measurements are described in the ESI Section S11

RFP labs (nm) lem (nm) t (ns) j emax (M
�1 cm�1) Molecular brightness (e � j) Brightness (in yeast)

FusionRed 575 596 1.8 0.26 87 300 100 100
FR-13 571 591 2.7 0.48 124 000 262 27
FR-F 571 591 2.6 0.36 104 000 165 138
FR-G 572 591 2.7 0.42 105 000 194 144
FR-H 572 592 2.6 0.42 90 100 167 142

Fig. 3 Directed evolution of FusionRed: (a) genealogy of the FusionRed mutants. FR-13 was generated from the error-prone mutagenesis library of
FusionRed and subsequent selection based on the excited state lifetime of the mutants. Two rounds of random mutagenesis on FR-13 and selection
based on brightness produced FR-F, FR-G and FR-H mutants with improved brightness upon yeast expression, whereas one round gave the FEP mutant.
In a separate evolutionary route, FusionRed-M was generated from FR-1 which showed B2-fold higher brightness than FusionRed in a mammalian cell
line. (b) Mutations introduced at the first (green), second (purple) and third rounds (red) of EP-PCR mutagenesis during the evolution of FR-13 and FR-13
mutants. Amino acid residues involved in the FR-1 mutant are displayed in black. Locations of the amino acid residues are shown in the crystal structure of
mKate (PDB: 3bxb). VMD40 was used to generate this structure. (c) Evolution trajectory of the FusionRed mutants displaying their lifetime and brightness
(fluorescence signal in volts) profiles. Individual mutants were expressed in yeast and screened in the microfluidic platform with B5000 cells. The
screening results were overlaid with different color maps to generate this plot.
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were expressed in mammalian cells, brightness was not signifi-
cantly higher relative to FusionRed. Sequence analysis showed
the presence of a V4M mutation in all of the mutants (ESI,†
Section S10). During the evolution of mKate2 from mKate, the
M4V mutation was introduced to create an optimal Kozak
sequence and efficient expression in the mammalian cells.36

Another study based on FACS-seq indicated that multiple
initiation sites, as observed in these mutants, could be detri-
mental for the effective expression of the proteins in the
mammalian cells.37 From these analyses, we hypothesized that
reversing the V4M mutations in these mutants could improve
their expression efficiency and brightness in mammalian cells.
Hence, we generated the FRX mutants: XF (FR-F, M4V); XG
(FR-G, M4V); XH (FR-H, M4V). However, when stably expressed
in MCF10A cell-lines, the brightness of these FRX mutants was
lower than that of FusionRed. This inconsistency in brightness
of the FRX mutants is most likely due to the lower expression
efficiency or slower chromophore maturation in mammalian
cells. As multiple attempts to improve the brightness of FR-13
in mammalian cell lines were unsuccessful, we focused on the
FR-1 mutant.

FR-1 mutant

FR-1 was found to have a longer lifetime and higher quantum
yield compared to FusionRed (Table 2). Although the in vitro

brightness of FR-1 was found to be only 30% higher than that of
FusionRed, when expressed in yeast it showedB3.5-fold higher
brightness (ESI,† Section S12).

The FR-1 mutant has the following mutations relative to
FusionRed: V22I, L53P and L177M. The L177 sidechain points
into the b-barrel and is located close to the chromophore. On
the other hand, L53 and V22 are located in the loop region
(Fig. 3b). From our previous experience with FR-13 mutants, we
hypothesized that due to its proximity to the chromophore,
L177 may be crucial in modifying the photo-physical properties
in FR-1. We therefore generated FusionRed L177M (called
FusionRed-M and abbreviated as FR-M). Table 2 compares the
photo-physical properties of FusionRed, FR-1 and FusionRed-M.
Both FR-1 and FusionRed-Mmutants have higher in vitro brightness
relative to FusionRed. However, FusionRed-M performs better than
FR-1 when transiently expressed in the nuclei of the HeLa cells
(H2B-RFP construct). Quantification of brightness in HeLa cells with
three biological replicates reveals that FusionRed-M is B2-fold
brighter than FusionRed and has similar brightness to mCherry
(Fig. 4b), which is the most widely used RFP.

OSER assay

Directed evolution of FusionRed generated multiple mutants
that showed higher brightness in yeast (FR-F, FR-G, FR-H, FR-1)
and mammalian cell lines (FR-1, FusionRed-M). Next, we

Fig. 4 Mean red fluorescence intensities averaged from three biological replicates relative to FusionRed. (a) 20000 cells were FACS screened B18 h
post-induction in the cytoplasm of yeast cells for each RFP. (b) 10000 cells were FACS screened B48 h post-transfection in HeLa cell-lines (H2B-RFP
constructs) for each RFP. Details are described in the ESI,† Section S12. FusionRed-M displayed B2-fold higher brightness relative to its precursor
FusionRed in the HeLa cell line, and FR-F, G, and H clones showed higher brightness in yeast cells compared to the precursor FR-13.

Table 2 Photo-physical properties of the mutants derived from FR-1. Brightness in mammalian (HeLa) cells presented here are the mean fluorescence
intensity of the cells expressing the mutants as measured in FACS screening (Fig. 4b). labs and lem are the maximumwavelengths of visible absorption and
emission spectra, respectively. t is the excited state lifetime. j is the fluorescence quantum yield. emax is the extinction coefficient at the absorption peak.
Details of photo-physical characterization are described in the ESI Section S11

RFP labs (nm) lem (nm) t (ns) j emax (M
�1 cm�1) Molecular brightness (e � j) Brightness (in HeLa)

FusionRed 575 596 1.8 0.26 87 300 100 100
FR-1 569 594 2.3 0.34 84 900 127 116
FusionRed-M 571 594 2.1 0.34 71 100 107 191
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investigated whether the additional mutations in FusionRed
introduced any detrimental effect on its monomeric character.
The in vivo dimerization tendency of FusionRed mutants was
studied by performing the organized smooth endoplasmic
reticulum (OSER) assay.38 FPs were fused to the cytoplasmic-
end of the endoplasmic reticulum (ER) signal anchor membrane
protein (CytERM) and expressed in HeLa cells. FPs with in vivo
oligomeric tendencies tend to interact with each other, driving
the restructuring of the reticular architecture of ER. This leads to
the formation of OSER, which is manifested by small, bright
puncta or whorls in fluorescence imaging (Fig. 5b). The OSER
score, defined as the percentage of cells expressing CytERM-RFP
constructs displaying no whorl, can be used to quantify the
in vivo dimerization tendency, i.e. an OSER score of 100 or 0
refers to a completely monomeric or oligomeric FP, respectively.

The identification of whorls from a large number of cells
is required to obtain a statistically robust OSER score. This
process is tedious and subject to human bias and errors. To
account for these issues, we developed a custom-based image
analysis program based on CellProfiler.39 Detailed description
of sample preparation, image acquisition and analysis with this
program are given in the ESI,† Sections S14 and S15.

Fig. 5c displays the OSER score of various RFPs as a function
of the number of cells analyzed. It is evident that analysis of
B300 cells is sufficient to obtain a stable OSER score. Different
parameters and thresholds of the image analysis program were
adjusted with the knownOSER score of TagRFP-T (positive control)
and FusionRed (negative control).32 As shown in Fig. 5c, TagRFP-T
and FusionRed showed an OSER score of 43 and 86 respec-
tively, which is close to the value obtained by Cranfill et al. by
analyzing 10 000 cells for each FP (41.2 and 91.5 for TagRFP-T
and FusionRed respectively).32 In our hands, mCherry showed
a low OSER score, in contrast with previous reports.16,32

FusionRed and FusionRed-M showed high OSER scores
indicating low in vivo oligomerization tendencies. This sug-
gests that the increased brightness of FusionRed-M did not

compromise the monomeric character of FusionRed under
physiological conditions.

Discussion

A microfluidic sorter capable of selecting members of cell-
based FP libraries based on their excited state lifetime and
fluorescence intensity has been used for the directed evolution
of brightness in FusionRed. The selected mutants expressed in
yeast show an improvement in lifetime and fluorescence quantum
yield, resulting in higher brightness (Fig. 4a). FusionRed-M devel-
oped from the FR-1 mutant displayed B2-fold increase in bright-
ness upon transient expression (H2B-RFP construct) in HeLa cells
(Fig. 4b). Although the molecular brightness of an FP depends
only on its extinction coefficient and fluorescence quantum yield,
the practical brightness in cells is a function of additional
biochemical factors. For example, it depends on chromophore
maturation, expression efficiency and chemical environment of
the cellular compartment.41

FR-13 shows improved in vitro brightness relative to its
precursor (FusionRed) due to its enhanced emax and j. How-
ever, upon expression in yeast, FR-13 showed lower brightness.
Further rounds of mutagenesis were required to improve its
brightness in yeast. This result indicates that selection based
on molecular photo-physical parameters such as fluorescence
lifetime indeed provides the desirable improvement in mole-
cular brightness, but it does not guarantee the brightness
in cells.

Fig. 3b displays the mutations involved in the course of
evolving FusionRed. The first round of mutagenesis generated
FR-13 and FR-1 mutants. FR-13 contains mutations at positions
25, 49, 83 and 224 (Fig. 3b, shown in green). Photo-physical
analysis of the individual FR-13 point mutants revealed that the
A224T modification is responsible for its improved lifetime and
quantum yield as well as its reduced in vivo brightness. The first
and second rounds of mutagenesis on FR-13 introduced the
modifications at position 160 (shown in purple) and positions
4, 115, 142 and 230 (shown in red), which progressively
improved the brightness in yeast without affecting the lifetime.
These positions are located either in loop regions or pointing
out of the b-barrel. Initially, we hypothesized that mutations at
these amino acid residues increase the maturation speed or
enhance the expression efficiency thereby increasing the in vivo
brightness of FR-13. However, these variants were found to
have similar maturation kinetics to FR-13 in yeast (ESI,†
Fig. S9). Therefore, we attribute the low brightness of FR-13 in
yeast to its lower expression efficiency as estimated and compared
with FusionRed andmCherry in the ESI,† Section S13. We suggest
that further mutations in FR-13 have alleviated this limitation and
generated FR-F, FR-G and FR-H mutants with higher brightness
in yeast.

On the other hand, the FR-1 mutant displayed significant
improvement upon expression in yeast. It was shown that
L177M mutation was responsible for the improved lifetime
and quantum yield of FR-1. The introduction of L177M

Fig. 5 OSER assay of the FusionRed mutants: (a and b) U2OS cells
expressing CytERM-FusionRed and CytERM-TagRFP-T constructs. Most
of the cells expressing CytERM-FusionRed constructs displayed proper
localization with reticular-like structures while TagRFP-T, owing to its
in vivo oligomerization tendencies, showed small (1–7 mm), bright puncta
(whorls), upon fusion to CytERM. (c) OSER score of RFPs.
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mutation in wild-type FusionRed generated the FusionRed-M
mutant which displays B2-fold higher brightness than its
precursor FusionRed when expressed in mammalian cell lines.
Despite the improvement in lifetime and quantum yield,
FusionRed-M exhibited a reduced extinction coefficient relative
to FusionRed, leading to a limited increase in molecular brightness.
Therefore we attribute the enhanced brightness of FusionRed-M
in mammalian cells to an improved protein expression level.
As estimated in the ESI,† Section S13, the expression level of
FusionRed-M is nearly 2 fold greater than that of FusionRed
and 70% of that of mCherry. The improved expression level
(relative to FusionRed) and higher fluorescence quantum yield
(relative to mCherry) result in the brightness of FusionRed-M
comparable with mCherry when expressed in mammalian cells.
Though FusionRed-M was obtained by reverse engineering
based on the findings from FR-1, this result suggests that if
the selection was performed only based on the brightness of
FACS screening, it could lead to improved brightness in cells but
not necessarily at the molecular level (i.e. molecular brightness).

The OSER assay demonstrated the highly monomeric
character of FusionRed-M compared to mCherry, the most
widely used RFP. Depending on the biological application of
RFP tools, when the monomeric character of RFPs becomes a
crucial criterion, FusionRed-M may be a good substitution for
mCherry or other RFPs with less or poor monomeric character.

Brightness is not the only photo-physical property of impor-
tance in fluorescence imaging. The ability to select based on
complex criteria such as photostability, chromophore matura-
tion and photoswitching will play an important role in the
development of new FPs. We previously demonstrated that the
measurement of photostability can also be implemented in a
microfluidic sorter, enabling the selection of FP mutants with
reduced photobleaching, though at the expense of reduced
fluorescence lifetime and brightness.30 In the current sorting
system, an additional blue excitation laser can also be incorpo-
rated to monitor the completeness of chromophore formation
and thereby eliminate immature RFP mutants with green
emission.42 We also reported a frequency-domain approach
for quantifying dark-state conversion (DSC) kinetics in FPs.43

This technique can also be employed in a flow system for
selections to generate photostable or photo-switchable FPs.
When incorporated with multiple photo-physical parameters,
we expect that this microfluidic system could be used to gain a
better and more comprehensive understanding of the fitness
landscape of FPs. This is essential for the overall development
of FPs for broader utility in imaging applications.

Conclusions

We have presented a microfluidic sorter that can be utilized to
select mutants from fluorescent protein libraries based on their
excited state lifetime and fluorescence intensity, and visualize
the trajectory of FP evolution. We demonstrated its ability by
engineering variants of the FusionRed RFP with improved photo-
physical properties. With multiple rounds of error-prone

mutagenesis and sorting based on fluorescence lifetime and
intensity, a set of mutants is generated with a significant
improvement in lifetime. This enhancement of lifetime results
in an increase in fluorescence quantum yield and more than
2-fold improvement in theoretical brightness (extinction coeffi-
cient � quantum yield) of the FPs. The mutants displayed
significantly higher brightness in yeast relative to their precursor.
A single mutation (L177M) in FusionRed enhanced its brightness
by B2-fold as evidenced by mammalian cell expression. Quanti-
fication of in vivo dimerization propensity of the mutants
indicates that the improvement in brightness is achieved without
sacrificing the monomeric character of FusionRed. At different
phases of the evolution process, mutants are isolated and their
photo-physical/bio-chemical properties are quantified. This
enables us to visualize the trajectory of directed evolution in
FusionRed. Mutations associated with error-prone mutagenesis
have been discussed in the context of their role in modifying the
lifetime, maturation speed and expression efficiency. These inves-
tigations revealed that directed evolution on fluorescence lifetime
is capable of achieving improvements in brightness within a
specific host organism. Fortunately, microfluidic sorting is com-
patible with a wide range of cells and organisms such as bacteria,
yeast, mammalian and plant cells. Furthermore, the microfluidic
sorter can be modified to incorporate other photo-physical para-
meters, e.g. photostability, dark state conversion etc. This will be
useful for simultaneous improvement and monitoring of multiple
essential photo-physical properties of FPs and has the potential
for a more comprehensive understanding of their fitness
landscapes.
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