Integrative
Biology

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Integrative
Blopplomgym Accepted Manuscripts are published online shortly after

W acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available
to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&CHEMLSTRV

ROYAL SOCIETY -
OF CHEMISTRY www.rsc.org/ibiology


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 11

Integrative Biology

Integrative Biology

RSCPublishing

Technical Innovation

Cite this: DOI: 10.1039/X0XxX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

Microfluidics-Based Selection of Red-
Fluorescent Proteins with Decreased Rates of
Photobleaching

Kevin M. Dean®®, Jennifer L. Lubbeck®¢, Lloyd M. Davis®¢, Chola K. Regmi,
Prem P. Chapagain’, Bernard S. Gerstman', Ralph Jimenez®“", and Amy E.
Palmer™®”

Fluorescent proteins offer exceptional labeling specificity in living cells and organisms. Unfortunately,
their photophysical properties remain far from ideal for long-term imaging of low-abundance cellular
constituents, in large part because of their poor photostability. Despite widespread engineering efforts,
improving the photostability of fluorescent proteins remains challenging due to lack of appropriate
high-throughput selection methods. Here, we use molecular dynamics guided mutagenesis in
conjunction with a recently developed microfluidic-based platform, which sorts cells based on their
fluorescence photostability, to identify red fluorescent proteins with decreased photobleaching from a
HelLa cell-based library. The identified mutant, named Kriek, has 2.5- and 4-fold higher photostability
than its progenitor, mCherry, under widefield and confocal illumination, respectively. Furthermore, the
results provide insight into mechanisms for enhancing photostability and their connections with other
photophysical processes, thereby providing direction for ongoing development of fluorescent proteins
with improved single-molecule and low-copy imaging capabilities.

Insight, innovation, integration

Fluorescent proteins enable imaging in sifu, throughout the
visible spectrum, with superb molecular specificity and single-
molecule sensitivity. Unfortunately, when compared to leading
small-molecule fluorophores (e.g., Cy3), fluorescent proteins,
suffer from accelerated photobleaching and poor integrated
photon output. This results from a lack of appropriate high-
throughput methods for improving the photostability of
fluorescent proteins, as well as a poor molecular understanding
of fluorescent protein photobleaching. Here, we report the first
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application of a recently developed microfluidic cell-sorter to
identify fluorescent proteins from a mCherry-derived library
with improved photostability. The results provide insight into
photophysics,
identification of improved mutants, and can be applied to both

fluorescent  protein greatly  accelerate
genetically encoded and small-molecule fluorophores.

Introduction

Fluorescent proteins (FPs) are powerful tools for cellular
imaging and have been instrumental in providing many critical
insights in cell biology. However, FPs still have limitations and
many experimental systems would benefit from brighter and
more photostable probes.® For example, red fluorescent proteins
(RFPs) are in particularly high demand due to decreased
autofluorescence when using longer excitation wavelengths.
However, currently RFPs emit 10-100x less photons than
small-molecule fluorophores, and therefore remain difficult to
use in experiments that focus on low-abundance or single-
molecule imaging.”” ® Moreover, as the scientific community
continues to push the boundaries of fluorescence imaging by
expressing FP-tagged proteins at low copy numbers via
genome-editing techniques, tracking single molecules in cells,
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and imaging over extended periods of time, limitations of the
Thus, it is
perhaps not surprising that FPs are constantly being subjected

existing palette of FPs become more apparent.

to mutagenesis and selection in an effort to create FPs with
more favorable properties.

The current suite of FPs has resulted from a combination of
discovery of new FPs from marine organisms and protein
engineering to optimize the biochemical, spectroscopic, and
photophysical properties. To date, most FP engineering efforts
have employed error-prone PCR, site-directed mutagenesis, or
gene-shuffling to generate a library of mutants, followed by
bacterial colony screening and/or fluorescence-activated cell
sorting (FACS).”!" While this approach has been highly
successful and is responsible for the vast majority of FPs used
today, there are limitations, particularly for efforts aimed at
targeting more sophisticated photophysical properties such as
photoswitching, photostability, and dark state conversion. The
vast majority of screens use brightness as the sole selection
criterion. Unfortunately, the brightness of an FP-expressing
cell is a parameter that depends upon a combination of factors,
including cell size, genome integration site, copy number, the
rate of protein-folding and degradation, chromophore
maturation, extinction coefficient, and various photophysical
processes that compete with fluorescence, such as transitions to
non-fluorescent states and fluorescence quenching. To
overcome these challenges, researchers are increasingly turning
towards more complex, quantitative, multiparameter screening
strategies. '?

Photophysical parameters, such as extinction coefficient,
quantum yield, photostability, and dark state conversion, are
key determinants that define the signal-to-noise ratio and
maximum imaging duration. Improved quantification and
isolation of such parameters allows greater precision in
for state-of-the-art

spectroscopic tuning of FPs imaging

applications. For example, Goedhart et al. used fluorescence
lifetime to screen cyan-emitting FPs (CFPs) in a low-
throughput colony based assay.'> To the extent that the
fluorescence lifetime depends on the non-radiative relaxation
the the

concentration-independent measure of

rate from excited state, lifetime provides a

the
quantum yield. After screening a semi-saturated mutagenesis

fluorescence

library at position T65 in SCFP3A (originally evolved from
enhanced CFP), the T65S mutation was found to increase the
quantum yield from 0.56 to 0.84. Remarkably, subsequent

structure-guided mutagenesis coupled with excited-state
calculations resulted in mTurquoise2, a CFP with a quantum
yield 0f 0.93."

In addition to quantum yield, irreversible photobleaching is
another important property for which few screens have been
carried out. Photobleaching is light-induced inactivation of a
fluorescent moiety and, in live-cell imaging, is commonly
responsible for diminished fluorescence signal and limited
observation times.'> Improving the photostability of FPs
remains challenging due to the lack of high-throughput
selection strategies that can operate over a wide range of

intensity regimes (~ 0.1-100 kW/cm?). Tsien and colleagues
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identified improved FPs by exposing bacterial colonies to a
solar illuminator,'® but this technique is limited to illumination
intensities below those necessary for low-copy or single-
molecule imaging. Given that photobleaching mechanisms are
illumination-dependent,* it would be valuable to develop a
screening approach in which the excitation intensity could be
tuned over a wide range. Additionally, selection within the
mammalian context is preferred given that some FPs identified
in E. coli fail to fold productively in eukaryotes."?

In this work, we demonstrate the application of a recently
derived microfluidic flow cytometer to sort cells expressing a
library of RFPs on the basis of irreversible photobleaching.
This approach offers several advantages. Compared to colony
screening, single-cell microfluidic analysis is more sensitive,
quantitative, and versatile, enabling screens for photostability
over a wider range of excitation intensities (e.g., 0.1-100 kW

that
simultaneously with

cm?). In addition, we demonstrate a screen for

photostability can be implemented
screening based on the net cellular brightness.” > Furthermore,
by performing the selection on RFP-expressing mammalian
cells, the RFPs must remain non-cytotoxic, and be compatible
with the eukaryotic protein expression machinery. As an
application of this approach, we use molecular dynamics (MD)
guided mutagenesis of mCherry and microfluidic cell sorting to
identify variants with decreased rates of photobleaching.

Results

Library Design

In our efforts to screen a library based on photostability,
mCherry was selected as a template for mutagenesis given its
wide use in cell biology, the availability of a crystal structure to
inform library design, and reasonably high photostability under
laser excitation.* Similar to other FPs, the crystal structure of
mCherry reveals excellent interstrand hydrogen-bonding (e.g.,
amide nitrogen-carbonyl oxygen distance < 3 A), indicative of a
rigid beta-barrel structure. However, the well-ordered
hydrogen-bonding is disrupted between [B-strands 7 and 10
(Figure 1A)." MD simulations suggest that relative to Citrine, a
yellow FP derived from Aequoria victoria, B-strands 7 and 10
in mCherry are more dynamic and subject to increased oxygen
7. 18 Although the

photobleaching remain poorly understood in FPs,

mechanisms  of
19, 20

permeability.*
one
proposed pathway for photodegradation is the excited state-
mediated formation of, and subsequent reaction with, reactive
oxygen species. Therefore, we hypothesized that decreasing
interstrand dynamics could improve mCherry photostability by
minimizing access of >0, to the chromophore. In support of
this hypothesis, imaging under anaerobic conditions was found
to decrease the rate of photobleaching for mCherry (Figure S1).
Consequently, we decided to pursue a MD-guided library
design, with mutations targeted to $-7/10 strand interface. MD
simulations recommended three mutations (W143K, Q163R,
and R164E) that decreased interstrand dynamics in silico, but
incorporation of these mutations into mCherry resulted in a

non-fluorescent variant.

This journal is © The Royal Society of Chemistry 2012
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Figure 1. Beta-strand 7/10 dynamics, microfluidic selection strategy, and photostability population shift. (A) Crystal structure (PDB 2H5Q) of mCherry, highlighting the
targeted region between B-strands 7 and 10 K 2, including residues targeted for mutagenesis, indicated in red (V16, M66, W143, 1161, and Q163). (B) Cells expressing a
single genomically integrated copy of a mutant FP are hydrodynamically focused to a velocity of ~ 6-8 mm/s and subjected to four illumination events 3. Each
illumination event is ~ 2 ms in duration, and it takes ~ 8 ms for the cell to travel to the next beam, thereby providing sufficient time to allow recovery from reversible
dark-states >°. Photobleaching is quantitated by the quotient of the fluorescence intensity from the fourth and first excitation events. Cells exhibiting improved
photostability (e.g., higher photobleaching ratio) are deflected to a separate output channel by applying an optical force with a 1064 nm focused laser. (C) Histogram
of the photobleaching ratio (Beam 4 / Beam 1) normalized to the photostability of mCherry for the library before, and (D) after being subjected to two rounds of
sorting. Ratios at higher values represent cells expressing mutant FPs with improved photostability.

To identify adjacent positions that could recover fluorescence, a upon their tolerance to mutagenesis. The most commonly
history of reported mutations was compiled for the mFruit mutated positions in the mFruits are V16, M66, W143, 1161,
family (e.g, monomeric descendants of DsRed). Q163, 1197, and A217, two of which were positions that were
Approximately 1 in every 3 positions within the mFruit family also identified as significant in the MD simulations. Given the
has been mutated. Candidate positions were identified based agreement between the MD simulations and the literature

This journal is © The Royal Society of Chemistry 2013 Integ. Biol., 2014, 00, 1-3 | 3
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analysis, we decided to pursue a library strategy that targeted
mutations at a subset of these positions (16, 66, 143, 161, 163).
Mutation type was guided by reported mutations, and included
both saturated (positions 143 and 163) and semi-saturated
(positions 16, 66, and 161) mutagenesis.?' The third position
identified in the MD study, R164, was excluded because of its
role in disrupting the A/C dimerization interface,? and 1197
and A217 were excluded to limit the size of the library. The
final library size was 144,000 mutants, and fluorescent colony
screening of the library in E. coli revealed that ~ 10 % of the
library was fluorescent.

Microfluidic Sorting Based Upon Irreversible Photobleaching

the irreversible

photobleaching, we used a recently developed microfluidic

To screen and sort library based on
photobleaching cytometer. The cytometer enables quantitative

and  high-throughput  measurements  for irreversible

photobleaching on single mammalian cells, and can be
configured in 3 beam, 4 beam, and 8 beam modes.* > A greater
number of beams increases the extent of photobleaching, but
decreases throughput due to the greater duration of time
necessary for the cell to traverse the interrogation region.
Accordingly, because the 4 beam geometry provides a
compromise between photobleaching and throughput, it was
employed to assess the spectroscopic diversity present in the
library. The extent of photobleaching was quantified from the
ratio of the fluorescence signals from the first and fourth
beams, and was normalized to the photostability of mCherry
(Figure 1B).> ° Time between excitation events is determined
by the spacing of the beams and the microfluidic flow rate, and
was 8 ms in our platform to permit relaxation from reversible
the

component.® *> Details regarding microfluidic operation can be

dark-states and isolate irreversible photobleaching
found in the Experimental section. With laser powers of ~ 2
kW/cm? for each excitation beam, a coefficient of variation (the
standard deviation divided by the mean) of ~ 18 % was
common for a single-FP cell population, with greater
uncertainty arising with low-expression cells. However, for
HeLa cells virally transduced with the library, a coefficient of
186 %

photophysical diversity. Importantly, given that mCherry has a

variation of was observed, indicating greater
normalized photobleaching ratio of ~ 1, a fraction of cells
exhibited improved photostability (Figure 1C).

Given the promising diversity in photostability, the library
was subjected to two rounds of selection. In each round,
enough cells were screened to provide 3-fold coverage of the
library, and the top-third most photostable population was gated
Consequently, 42,000 and 14,000 cells were

screened in the first and second rounds, and are referred to as

for sorting.

Sortl and Sort2.1, respectively. After two rounds, the sorted
cells were passed through the microfluidic cytometer a third
time to measure their photostability, and it was evident that a
significant fraction of the library had shifted to higher

4 | Integr. Biol., 2014, 00, 1-3

photostability (Figure 1D). For comparison, FACS-based sorts
often require > 7 rounds to converge on a population, likely
because of cell-to-cell and round-to-round variability in
fluorescence brightness.?® In contrast, our system measured an
intensive property (i.e., the ratio of fluorescence intensities,
which does not depend on chromophore concentration) and
appears to be less sensitive to cell-to-cell or round-to-round
variability in fluorescence brightness.>’

Interestingly, we observed that the mean fluorescence
intensity of Sort2.1 was ~ 28 % dimmer than the initial
unsorted library population. We hypothesized that this could
result from diminished cellular health following the two rounds
of optical sorting, or from gradual enrichment of mutants with
decreased fluorescence quantum yields and/or extinction
coefficients. Therefore, an alternative selection was performed
on Sortl, involving both photostability and net fluorescence
brightness as measured at beam 1, and was referred to as
Sort2.2. Nevertheless, despite restricting cell selection to those
exhibiting greater net brightness and improved photostability,
Sort2.2 was also found to be dimmer than the original library.

Mutations and Spectroscopic Properties of Enriched Variants

The microfluidic cytometer identified clones that appeared to
be dimmer but more photostable than the parent mCherry. To
characterize these clones, we first isolated and sequenced the
clones to identify the mutations that gave rise to altered
photophysical properties. For these studies, cells from both
Sort2.1 and Sort2.2 were harvested, the FPs were cloned into a
bacterial expression system using standard molecular biology
protocols, and thirty two fluorescent clones were selected at
random and sequenced. mCherry was identified in 12 clones,
and is likely the cause of the residual mCherry-like population
in Figure 1D. Of the remaining 20 mutants, amino-acid
mutations found in different proteins tended to share similar
chemical attributes (Table S1). For example, only 3 FPs had
mutated V16, and of those, all were mutated to an alanine.
Additionally, H17R was always observed in mutants with
V16A, likely arising from an error in the synthesis of the DNA
oligonucleotide used to generate the library. It was also
observed that M66, the first amino acid within the chromophore
forming tripeptide, was mutated to a glutamine in 4 of 20
mutants. A glutamine in this position is also found in DsRed,'"
2425 mRFP1,% rnHoneydew,9 select green-fluorescent proteins
and non-fluorescent chromoproteins,**® as well as the
photosensitizing KillerRed. * *° The majority of mutations at
W143 were hydrophobic in nature, and included alanine
(11/20), methionine (2/20), isoleucine (1/20), although polar
residues were also observed, including serine (5/20) and
cysteine (1/20). At position 1161, only non-polar residues were
discovered, including leucine (10/20), valine (8/20), and
methionine (1/20). Lastly, Q163 was found to be mutated to
isoleucine (10/20), leucine (6/20), threonine (1/20), valine
(1/20), and tryptophan (1/20).

This journal is © The Royal Society of Chemistry 2012
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Figure 2. Spectral and Photobleaching Properties of Isolated Mutants. S2c and Kriek are the same FP variant (mCherry W14311161M Q163V). (A) Absorption spectra
of Sort2 mutants normalized at Blabs ~ 230 nm and (B) Blabs ~ 590 nm. (C) Widefield (Bex = 520-560 nm) and (D) laser-scanning confocal (Bex = 561 nm)

photobleaching decays for Kriek (Black) and mCherry (Red).

To characterize the resulting FPs more quantitatively, we
carried out spectroscopic measurements on purified protein.
Proteins from the 6 brightest mutants (S2a-f) were grown under
identical conditions in E. coli and purified. In order to obtain
sufficient quantities of protein for analysis, twice the volume of
bacteria were harvested for the purification of S2d, S2e, and
S2f relative to S2a, S2b, and S2c. Absorption spectra were
measured and normalized to the 230 nm absorption peak to
quantify protein expression and chromophore maturation.
mCherry showed the largest Asgg nm/A230 um ratio, indicating the
largest extent of protein folding and/or chromophore
maturation, followed by S2a, S2c, S2b, S2d, S2e, then S2f
(Figure 2A). Although Aj,;y nm is sensitive to all of the
aromatic amino-acids (W/Y/F) present, including impurities,
and some FPs harboured aromatic mutations (e.g., S2c,
W1431), this result is consistent with the decreased brightness
of the bacterial colonies and pellets for mutants S2d, S2e, and
S2f. Additionally, a population of the "GFP-like"
chromophore, A, ~ 510 nm, was present in all three of these
mutants (Figure 2B).*!** These results are consistent with poor
protein folding and chromophore formation in S2d, S2e, and
S2f. To evaluate the photostability of the mutants, octanol

microdroplets containing purified protein were photobleached
with a laser-scanning confocal microscope.34 S2a, S2b, S2c,
S2d, and S2f showed improvement in photostability over
mCherry, with S2¢c showing the greatest improvement (Figure
S2). However, given the poor extent of maturation of S2d, S2e,
and S2f, as well as the modest improvements in photostability
for S2a and S2b, only S2c¢ was investigated further. S2c was
named Kriek, after the Belgian beer that involves fermentation
of cherries.

To measure the photostability of Kriek under more
physiologically-relevant conditions, widefield photobleaching
was carried out on immobilized E. coli. For each measurement,
the decrease in fluorescence was fit to a monoexponential
decay curve, and the time constant (e.g., the inverse rate
constant) of the decay was used to quantitatively compare
photostability. Under continuously exposed widefield
illumination, mCherry and Kriek had average photostability
time-constants of 110 and 280 seconds, respectively,
representing a 2.5-fold higher photostability (e.g., Kriek /
mCherry). For laser scanning confocal imaging, which was
performed on nuclear-localized FPs within adherent HeLa cells
and required a biexponential fit, mCherry and Kriek had

Table 1. Spectral Properties of mCherry and Kriek.

RFP }"abs }"ex )\'em (Dﬂ Emax
nm M em?
mCherry 587 591 608 0.23 97,000
Kriek 592 593 618 0.08 100,000

Widefield Photobleaching

Confocal Photobleaching
Time-Constant Time-Constant
(s) (s)
110 470 (75 %) 300 (25 %)
280 1890 (88 %) 45 (12 %)

@ is the fluorescence quantum yield, and €y is the extinction coefficient at the absorption maximum. The extinction coefficients for mCherry and Kriek
have a standard error of the mean of 9,000 and 13,000, respectively, and are statistically insignificant (paired sample t-test, p = 0.22). Widefield
photobleaching was performed on immobilized E. coli, and confocal photobleaching was performed on nuclear-localized FPs in adherent HeLa cells. For
widefield illumination, the gradual decrease in fluorescence intensity was fit to a monoexponential decay. For confocal illumination a biexponential fit
was necessary, and the time-constants and their pre-exponential factor in parentheses are reported. The weighted time-constants of confocal
photobleaching are 1700 and 600 seconds, for Kriek and mCherry, respectively.

This journal is © The Royal Society of Chemistry 2013
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the a-carbons on A145 (B-7) and K198 (B-10), highlighted in red. (B) 100 ns time-trajectory of interstrand dynamics for Kriek and (C) mCherry. (D) Alternative 30,

pathway, and 'gatekeeper' residues, Q64, and F99, highlighted in red.

of 430 and 1700 seconds, respectively, thus Kriek had 4-fold
the photostability of mCherry (Figure 2D). Under these
conditions even after 10 minutes of continual confocal
illumination, Kriek only decreased ~ 20 % in fluorescence
intensity (Figure 2D).

Interestingly, the improved performance of Kriek under
confocal illumination, as opposed to widefield illumination,
could be a direct consequence of the selection criteria used in
our microfluidic cytometer. In widefield microscopy, the
sample is illuminated with low-intensity (~ 100 W/cm?)
incoherent light for 10-100’s of milliseconds with a high-duty
cycle (little time between exposures). In contrast, confocal
microscopy illuminates the sample with intense (~ 1 kW/cm?)
diffraction-limited and coherent light for ~ 1 ps at a low duty-
cycle (often ~ 1 second between exposures). As such, our
cytometer operates under conditions more similar to a confocal
microscope, and would likely identify FP variants adept at
sustaining high-intensity low-duty cycle imaging conditions.

In addition to the photostability, the extinction coefficient
(€aps), fluorescence quantum yield (¢g), and peak absorption
(Aabs) and emission wavelengths (A.,), are important
determinants in the overall fluorophore functionality. The

6 | Integr. Biol., 2014, 00, 1-3

fluorescence quantum yield and extinction coefficient were
determined as described previously,’ and the photophysical
properties for Kriek and mCherry are summarized in Table 1.
Consistent with previous measurements performed at pH=7.4,
mCherry was found to have an extinction coefficient and
quantum yield of 97,000 M cm™ and 0.23, respectively’ ,
while Kriek had an extinction coefficient and quantum yield of
100,000 M cm™ and 0.08, respectively. It follows from these
values that the brightness of Kriek (i.e., the product of the
quantum yield and extinction coefficient) is therefore ~ 3-fold
smaller than that of mCherry. As for the excitation and
emission spectra, the absorption peak of Kriek (A, =592 nm)
is slightly red-shifted relative to mCherry (A,,s =587 nm) and
the fluorescence shows an enhanced Stokes shift (711 cm™ vs.
588 Analysis  of harboring
permutations of mutations found in Kriek suggests that [161M
is responsible for the red-shift in the absorption and emission
spectra (Table S2). The I1161M mutation was also observed in
the screening of libraries in which the applied selection
pressure was a red-shift in the fluorescence emission

cem). individual mutants

wavelength. > %

This journal is © The Royal Society of Chemistry 2012
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MD Simulations of Kriek and mCherry

Our original mutation strategy was designed to rigidify the -
7/10 strand interface, thus restricting access to 30,. To test
whether the strategy altered B-7/10 strand dynamics, 100 ns
MD simulations were performed for both Kriek and mCherry.
The time-dependent distance between the o-carbons on
residues A145 (B-7) and K198 (B-10) enabled quantification of
B-7/10 interstrand dynamics (Figure 3A). Both mCherry and
Kriek fluctuated between 'closed’ (< 6 A) and 'open' (> 6 A)
conformations (Figure 3B and C). Kriek was 3.5-fold more
likely to exist in the 'closed' state than mCherry, corresponding
to an increased B-7/10 stability of AG® ~ 3.53 J mol”' K™', thus
largely obstructing *O, access. Consequently, the mutations in
Kriek appear to obstruct one major pathway for ‘O, to the
chromophore. However, recent MD simulations identified an
additional >0, pathway through the bottom of the B-barrel that
were largely dictated by the conformational changes of residues
Q64 and F99.%7 A similar analysis on Kriek suggested that Q64
and F99 were more frequently in an 'open' configuration than
mCherry.  Consequently, mitigation of B-7/10 interstrand
dynamics resulted in increased >0, access via a separate and
independent diffusion pathway.

Oxygen Dependent and Fluorescence
Lifetime

Given the results from the MD simulations, as well as the

Photobleaching

proximity of the three mutations to the 7/10 B-strand interface,
we sought to evaluate our original hypothesis that decreased
oxygen accessibility to the chromophore would account for the
improvement in photostability. To evaluate this possibility, E.
coli were transformed and allowed to adhere to poly-l-lysine
coated coverslips. Photobleaching was measured in a widefield
illumination mode before and after continuous purging of the
environment for ~ 30 minutes with 100 % N, for anaerobic
measurements. Under anaerobic conditions, Kriek showed
decreased rates of photobleaching, highlighting the importance
of molecular oxygen in photodegradation processes (Figure
4A). These results suggest that photobleaching still depends on
30,, perhaps due to access through the channel at the base of
the FP as identified in the MD simulations.
single-photon counting measurements were performed in vitro
to obtain the excited-state lifetimes.
fluorescence lifetime of 1.64 ns, Kriek has a fluorescence

Time-correlated
Whereas mCherry has a

lifetime of 0.87 ns, almost a factor of two smaller (Figure 4B).

Interestingly, because fluorescence lifetime is linearly
proportional to quantum yield for fluorophores with the same
radiative rate (as determined from the extinction coefficient),

by this metric, Kriek is ~1.9-fold less bright than mCherry.

Discussion
Here, we applied a newly developed microfluidic cytometer to

screen a FP library derived from mCherry on the basis of
increased photostability on exposure to 2 kW/cm? illumination.

This journal is © The Royal Society of Chemistry 2012
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decreased the rate of photobleaching. The initial non-exponential phase of
photobleaching for Kriek is attributed to fluorescent protein kindling. (B)
Fluorescence lifetime measurement by time-correlated single-photon
counting. Kriek has a lifetime of 0.87 ns, whereas mCherry has a lifetime of
1.64 ns.

The selection successfully revealed clones with increased
photostability compared to the parent FP, demonstrating the
value of expanding the repertoire of selection methods in
library screening.  However, Kriek also exhibited a 3-
decreased quantum yield and 1.9-fold decreased fluorescence
lifetime. We believe that fluorescence lifetime measurement is
less sensitive to experimental error and provides a more precise
assessment of the fluorescence efficiency (Note S1). Given
these values, Kriek emits 30% more photons than mCherry
under widefield illumination and twice as many photons than
mCherry under confocal Nevertheless, the
decreased quantum yield is undesirable, highlighting the
challenge of simultaneously optimizing photostability and
brightness, and revealing the importance of implementing
that

illumination.

multi-parameter screening tools to ensure overall
photophysical functionality is improved.

Given the success of the selection in producing an FP with
higher photostability and reduced dynamics of the [-7/10
region of the barrel, our findings suggest that further selections
aiming to rigidify the barrel dynamics would be productive. It
is interesting to note that although the MD simulations show
that B-7/10 interstrand dynamics are reduced in Kriek relative
to mCherry, the observation of a larger Stokes shift in the
mutant suggests that structural fluctuations coupled to the
electronic transition are actually larger in Kriek than in
mCherry, as the Stokes shift is a measure of the capability of

the environment to reorganize in response to the electronic
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perturbation associated with the change in structure and
electron distribution in a chromophore. The increased Stokes
shift and concomitant larger structural flexibility of the
environment around the chromophore in Kriek is the likely
cause of the reduced excited-state lifetime. Attempts to
generate red FPs with large Stokes shift, e.g. mPlum and
tagRFP675, have generally resulted in chromophores with
reduced fluorescence quantum yield relative to the parent FP.**
40 Thus, reducing the structural fluctuations in an FP to obtain
high fluorescence quantum yield and high phostability, will
likely lead to a trade-off in terms of reduced Stokes shift.

There are several potential mechanisms that could give rise
to increased photostability. For example, a decrease in the
lifetime of either the first excited state or the triplet state would
be expected to decrease photobleaching, which typically
Other
potential mechanisms include reduced excited-state absorption

proceeds when the chromophore is in an excited state.

to higher-order singlet and triplet states, attenuated excited-state
reaction pathways, including photoionization and oxidation by

molecular oxygen®*!**

or conversion to a photoprotective dark-
state.* Some of these mechanisms for increasing photostability
would be expected to lead to a concomitant decrease in
fluorescence. For example, a decrease in the lifetime of the first
excited state usually results from an increase in non-radiative
decay mechanisms (e.g., internal conversion), that decreases the
quantum yield and hence overall brightness. On the other hand,
the

photostability, but also improves the fluorescence brightness, as

a decrease in triplet lifetime not only improves
it decreases the time spent within a dark state. Similarly, if a
decrease in fluorescence lifetime is due only to an increase in
the radiative decay rate, both the fluorescence brightness and
the photostability will

fluorescence in GFP was recently shown to increase the

improve. Indeed, metal-enhanced
radiative rate, improving both the brightness and photostability
6- and 10-fold, respectively.*’

To examine whether the decreased fluorescence lifetime of
Kriek can entirely account for improvement in photostability, a
numerical simulation was performed on a simple two-state
model comprised of ground and excited singlet-states, and a
photodegradation path out of the first excited singlet-state (Fig.
S3). In addition, the rates of excitation and photodegradation
were fixed, and the rate of photodegradation was examined as a
function of fluorescence lifetime. The simulation predicts that
for a 2-state system with rates of photobleaching < 10* s from
the excited state, photobleaching scales approximately linearly
with the excited-state fluorescence lifetime. These rates of
photobleaching are consistent with previous work that analysed
a panel of closely related red fluorescent proteins using pulsed

and continuous laser illumination.*

Consequently, if all other
photophysical parameters are kept constant, we would expect
Kriek to photobleach ~ 2x slower than mCherry, since it has an
shorter than that of mCherry.
Therefore, the decreased fluorescence lifetime only accounts
for 50%

illumination (and 80% under widefield), suggesting that under

excited-state lifetime 2x

of the gain in photostability under confocal

8 | Integr. Biol., 2014, 00, 1-3

these illumination conditions, the Kriek mutations do supress
photodegradation pathways compared to mCherry.

The work presented here illustrates that the microfluidic
selection method offers several advantages over previous
Photobleaching has
pathways, and the ability to rapidly and quantitatively measure

methodology. intensity dependent

photobleaching in a high-throughput manner for Ilaser
intensities appropriate for confocal or single-molecule imaging
is unique. Manual screening of 56,000 cells (e.g., single
mammalian cells or bacterial colonies) at such high excitation
intensities would be time intensive, and might be expected to
result in a similar outcome. The results from this study
emphasize that single parameter selections may optimize one
parameter (e.g., photostability) at the expense of another (e.g.,
quantum yield) and that sorting based on an intrinsic parameter
is more powerful than using a parameter that depends on the
level of expression, such as overall brightness. It is worth
emphasizing however, that our microfluidic platform is
adaptable and allows for the selection parameters to increase in
number and complexity as our knowledge of FP photophysics
advances.

Library design is critical to the success of a selection and/or
directed-evolution process. The library discussed here was
guided by MD simulations and mutations reported in the
literature, and predominantly involved amino-acids proximal to
B-strands 7 and 10.> However, in retrospect it seems that this
region influence  fluorescence and

may brightness

photobleaching.  Future libraries should seek to identify
positions that alter the photostability in a manner that is
independent of the fluorescence quantum yield, or that
photostability

quantum yield. Efficient identification of such positions would

synergistically improve and fluorescence
benefit from an improved understanding of the molecular
mechanisms governing irreversible photobleaching. Although
further work is necessary to conclusively determine pathways
by which oxygen may access the chromophore, evidence
suggests that oxygen access to the chromophore pocket is a key
Unfortunately, the

oxygen sensitivity of photobleaching depends not only on the

contributor to RFP photodegradation.

rate of molecular collisions with oxygen, but also on the
lifetime and occupancy of oxygen-sensitive states (e.g., the
triplet state). Once improved mutants are discovered, detailed
spectroscopic analysis (e.g., transient-absorption, fluorescence
correlation spectroscopy, efc.) in the presence and absence of
molecular oxygen could provide valuable insight into the
molecular and kinetic details governing these principles.’* *'

To avoid decreased quantum yield in future selections, more
emphasis should be placed on the rate of photons emitted prior
to photobleaching. Total photon output depends upon the
extinction coefficient, quantum yield of fluorescence, and
quantum yield of photobleaching. Furthermore, time spent in
dark-states also contributes to a decreased fluorescence photon
flux, and thus limits signal.*"" 3 Consequently, to generate FPs
with overall increased photon output, selections should ideally
measure the quantum yield of fluorescence, the percent dark-

state conversion, and the rate of irreversible photobleaching.

This journal is © The Royal Society of Chemistry 2012
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Incorporation of additional selection pressures is anticipated to
permit unequivocal advances in RFP photophysical properties.
Experimental

Microfluidic Chip, Optical Design, and Operation

Microfluidics were custom designed and commercially
fabricated in an all borosilicate glass chip (Micronit). Detailed
descriptions of the microfluidic chip, laser illumination, sample
loading, and optical-force sorting of cells is discussed by Davis
et al.>’ Briefly, microfluidic chips were sonicated for 1 hour
with
polytetrafluoroethylene microfluidic manifold designed with 5

deionized water and placed in a custom
fluid reservoirs (one sample, two sheath, and two output), 1/8
inch outer diameter pneumatic quick disconnect interfaces, and
mounted on an inverted microscope (Olympus IX-71). Flow
was driven at the input reservoirs with high-resolution pressure
controllers (Pneutronics, OEM EPS10-5-0-2), with the outlet
reservoirs maintained at atmospheric pressure. To prevent non-
specific cellular adhesion to the glass surfaces, microfluidic
channels were passivated for 20 minutes with 0.2 uM filtered
Ca2+, Mg2+, PO43 " free HHBSS with 1 % bovine serum albumin
(BSA, Sigma-Aldrich).

microfluidic channels, the instrument (including microscope,

To prevent obstruction of the

microfluidic, optics, etc.) was maintained in an actively filtered
HEPA environment.

For sorting of mutant FP libraries, HeLa suspension cells
expressing FPs were trypsinized and placed in a solution of
phenol-free media (MEM-Alpha, Gibco) at a final density of
2.5 million cells/mL with the addition of 10 % fetal bovine
serum, 1 % penicillin-streptomycin, and 14 % Opti-Prep. To
eliminate multicellular aggregates, cells were filtered through a
40 pm nylon mesh cell-strainer (BD Biosciences) prior to being
the The
microfluidic sheath channels were filled with 0.2 pm filtered
Ca2+, Mg2+, PO43 " free HHBSS with 1 % bovine serum albumin
(BSA, Sigma-Aldrich). Cells were sorted directly into
conditioned DMEM with 30 % fetal bovine serum and 1 %
penicillin-streptomycin, and placed into a 96-well plate for

deposited directly in microfluidic manifold.

maintenance at 37° Celsius and 5 % CO,.

Library Construction

The original DNA template for mCherry’ was PCR amplified
with gene-specific primers (Integrated DNA Technologies),
recombined into pDonr221 (Gateway, Life Technologies), and
commercially sequenced (Quintara Biosciences). Mutations
were introduced using site-overlap extension with primers
specific to the pDonr221 backbone (M13Fwd & Rev) and
mCherry, and the mutated mCherry gene was recombined into a
(pCLNCX,

Technologies).”!

retroviral vector
Kit, Life
electroporation of E. coli (Life Technologies, MAX Efficiency
DH10B) with the DNA library, serial dilutions (10~ and 107
were plated on agarose supplemented with 100 pg/mL
The

custom Imgenex; Gateway

Conversion Following

ampicillin to estimate the electroporation efficiency.

This journal is © The Royal Society of Chemistry 2012
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remainder of the library was grown overnight and the plasmid
DNA isolated (Midi-Prep Kit, Qiagen).

Cell Maintenance, Infection, and Enrichment of Fluorescent FPs

HeLa suspension cells were cultured in Dulbecco's modified
essential medium (DMEM) supplemented with 10 % fetal
bovine serum and 1% penicillin-streptomycin, as previously
described.* HEK-293 FT cells were cultured similarly, using
Dulbecco's modified essential medium supplemented with 10 %
fetal bovine serum (FBS), 1 % penicillin-streptomycin, sodium
pyruvate, and L-glutamate. For generation of retrovirus, HEK-
293 FT cells were cotransfected with pCL-Ampho, pVSV-G,
and the pCLNCX-library using standard transfection reagents
(Opti-MEM, Life Technologies; TransIT-LT1, Mirus Bio
LLC). After 24 hours, the media was gently replaced, and after
48 hours, the virus containing supernatant was carefully filtered
through a 0.45 pum cellulose acetate syringe-filter and titrated
onto HeLa suspension cells in the presence of 12 pg/mL
hexadimethrine bromide (Sigma-Aldrich). The multiplicity of
infection was kept below 10 % to decrease the likelihood of
multiple viral integrations per cell. Two days post-infection,
80,000 fluorescent HeLa suspension cells were enriched using a
Dako Cytomation Mo-Flo cytometer.

Identification of FP Mutants

To identify the mutant RFPs, mRNA was isolated (RNeasy
Micro Kit, Qiagen), cDNA prepared using a random hexamer
Life and PCR
amplification of the cDNA library was performed to clone the

primer (SuperScript 1I, Technologies),
sorted RFP variants into a bacterial expression vector (pBad,
Life Technologies). In each case, individual clones were
isolated and submitted for commercial sequencing (Quintara

Biosciences).

In Vitro Analysis of FPs

All in vitro measurements were performed as previously
described with the exception that a 15 mM MOPS, 100 mM
KCl, pH=7.4 (as opposed to pH=7.0) buffer was used.*

Photobleaching Measurements

Confocal photobleaching measurements were performed on a
laser-scanning system (Nikon, A1R) with feedback for axial
sample drift. A diffraction-limited 561 nm laser was triggered
with an acousto-optic tunable filter to excite the sample, the
fluorescence was collected in the epi-direction, focused through
a 1.2 Airy unit pinhole, filtered with a 600/50 bandpass filter,
and detected with a photomultiplier tube. The laser power at
the sample plane was ~ 600 uW. The image size was 512x512,
and images were collected in a bidirectional scanning mode
with the non-resonant galvanometer-based scan-head. For
widefield photobleaching measurements, illumination was
provided with a metal halide lamp equipped with a shutter for
light
illumination.  Excitation was spectrally filtered through a
562/40 bandpass filter (Semrock) and reflected off of a 593 nm

dichroic (Semrock) into the back-aperture of the objective;

rapid exposure and a liquid guide for uniform

Integr. Biol., 2014, 00, 1-3 | 9
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fluorescence was collected in the epi-direction, and emission
filtered with a 624/40 bandpass filter (Semrock) prior to
imaging with a EMCCD detector (iXon X3 DU897, Andor). In
each case, the signal was corrected for background and
normalized. For anaerobic measurements, E. coli were
immobilized within a glass-bottomed 96-well plate using poly-
l-lysine, and the environment surrounding the plate was purged
with N, for 30 minutes using a stage-top environmental
the course of

experiments, replacement of the microscope lamp for widefield

chamber (Pathology Devices). During
photobleaching measurements (from an arc to a high-efficiency

lamp) rendered small differences in the observed

photobleaching decay (Figures 2C and 4A).

MD Simulations

Time series trajectories were obtained from explicit solvent, all-
atom simulations using the NAMD molecular dynamics
package'” with the CHARMM?27 force field.'® The initial X-ray
crystallographic structure of mCherry was obtained from the
Protein Data Bank (PDB code 2H5Q) and the missing residues
were inserted using MODELLER.> The Kriek structure was
obtained by replacing three residues W1431, 1161M, and
Q163V in mCherry. Force field parameters for the mature
chromophore were adopted from the anionic GFP chromophore
developed by Reuter er al.>* and from CHARMM27 parameters
for acylimine nitrogen. The deprotonated, anionic form of the
chromophore in the ground state was used. In addition, E215
was protonated using a patch. The VMD package® was used to
setup the system for simulations. The initial structures of
mCherry and Kriek with crystallographic water molecules were
solvated using VMD with box cutoff set to 10 A, which
resulted in a simulation box of dimensions 83.3x75.6x63.4 A
for each variant. Each solvated system was electrically
neutralized by randomly adding six Na" ions in the bulk water.
The particle mesh Ewald method>® was used to treat long-range
interactions with a 12 A nonbonded cutoff. A 100-ps energy
minimization was performed using the conjugate gradient and
line search algorithm. The system was then heated for 90 ps
with a linear gradient of 20K/6 ps from 20 to 300 K. At 300 K,
each system was equilibrated for 910 ps with a 2 fs integration
time step in the NVT (constant number, volume, and
temperature) ensemble, followed by a 100-ns production run
using NVT dynamics with 2 fs time steps. Langevin dynamics
was used to maintain the temperature at 300 K.
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