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Versatile phenotype-activated cell sorting
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Unraveling the genetic and epigenetic determinants of phenotypes is critical for understanding and re-engineering
biology and would benefit from improved methods to separate cells based on phenotypes. Here, we report
SPOTIlight, a versatile high-throughput technique to isolate individual yeast or human cells with unique spa-
tiotemporal profiles from heterogeneous populations. SPOTlight relies on imaging visual phenotypes by microsco-
py, precise optical tagging of single target cells, and retrieval of tagged cells by fluorescence-activated cell sorting.
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To illustrate SPOTlight's ability to screen cells based on temporal properties, we chose to develop a photo-
stable yellow fluorescent protein for extended imaging experiments. We screened 3 million cells expressing
mutagenesis libraries and identified a bright new variant, mGold, that is the most photostable yellow fluores-
cent protein reported to date. We anticipate that the versatility of SPOTlight will facilitate its deployment to deci-
pher the rules of life, understand diseases, and engineer new molecules and cells.

INTRODUCTION

How genetic variation creates phenotypic diversity is a central question
in the biomedical sciences. This relationship underlies efforts to
understand the basic principles of cellular function and to decipher
the causes and markers of diseases (I). The ability to map genotypes
to phenotypes is also critical for biological engineering and synthetic
biology applications such as library screening to develop new protein
biosensors, transcriptional reporters, synthetic enzymes, RNA devices,
genetic circuits, signaling pathways, and multicellular communities
(2). In all cases, high-throughput screening approaches are desirable
to sift through heterogeneous populations of cells and retrieve variants
exhibiting the properties of interest. Fluorescence-Activated Cell
Sorting (FACS) is widely used for this purpose due to its high
throughput and its ability to assay multiple cell types such as bacteria,
yeast, and mammalian cells. However, FACS cannot track temporal
processes in single cells, and even advanced instruments are limited
in their ability to screen based on subcellular features or morphology
(3). Microscopy-based approaches are preferred when screening for
temporal or spatial properties such as biosensor kinetics, enzymatic
reaction rates, gene expression dynamics, and subcellular localiza-
tion (4). However, unlike FACS that allows the high-throughput
screening of pooled single-cell variants, conventional microscopy-
based screening involves the slow sequential imaging of variants
compartmentalized into separate wells of microplates (5).

The pressing need to genotype single cells based on complex and
dynamic phenotypes has motivated new approaches. However,
existing methods are limited in versatility, throughput, and/or
ease of use. In situ genotyping after image-based analysis of
pooled variants enables identifications of genes that affect spatio-
temporal properties in vitro (6, 7). However, these approaches are
slow; for example, a screen for expression of a fluorescent protein
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(FP) in bacteria transformed with a library of ~80,000 variants
lasted ~40 hours and required 14 hybridization steps (6). More-
over, the need to transform and read DNA barcodes limits these
methods to genetically tractable cells and complicates the exten-
sion of this technique to intact tissues and in vivo preparations.
Other approaches rely on post-imaging retrieval of selected cells
from pooled libraries using automated pipetting (8), laser-based ex-
traction from microcapillaries (9), optical traps (10, 11), optical or
optomagnetic tagging with laser-assisted binding of biotin conju-
gates (12, 13), or optically controlled adhesion using a synthetic
chemical (14). While useful and innovative, these methods are lim-
ited to a relatively narrow range of experimental preparations. For
example, they are specialized for assaying and retrieving only one or
a few specific cell types, with none having demonstrated compati-
bility with both yeast and human cells. These methods are de-
signed for screening cells isolated into specialized chambers, plated
onto monolayers, and/or labeled with exogenous tags. Therefore,
they cannot be easily extended to isolating cells from tissues such as
organoids, explants, and in vivo preparations. Some techniques re-
quire fluorophores with excitation spectra that strongly overlap
with green FPs (GFPs), complicating their application in experi-
ments using green probes and indicators (12, 13). Furthermore,
many of these newer approaches require custom hardware that
can be time-consuming and difficult to implement in standard bio-
medical labs (8-10, 13).

To address the limitations of existing sorting techniques, we
developed a general strategy for isolating single live cells with unique
visual phenotypes. Several groups have reported the use of photo-
transformable FPs (15, 16) to label populations of cells with sub-
sequent recovery by FACS (17-19). We sought to evaluate whether
FP-based optical tagging and FACS-based retrieval could be ex-
tended to single cells, thus enabling the extraction of individual cells
with rare visual phenotypes from large heterogeneous cultures. We
call this general isolation method Single-cell Phenotypic Observa-
tion and Tagging with Light or SPOTlight (Fig. 1).

To illustrate the advantages of our approach, we first showed the
generality of SPOTlight by demonstrating FP-based single-cell optical
tagging in many experimental preparations including a variety of
cell types and illumination methods. We also showed that single
mammalian cells and whole organoids can be optically tagged by
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Fig. 1. Overall workflow and potential applications of the SPOTlight method. (Step 1) Cells of interest (e.g., bacteria, yeast, mammalian cells, or organoids) are made
optically taggable by introducing a phototransformable FP or dye. These reagents can transform from a dim to bright state or from one color to another when excited
with light of a specific wavelength. Some applications will screen naturally heterogeneous populations of cells, while others will screen libraries. siRNA, small interfering
RNA. (Step 2) Cells are imaged for the phenotypes of interest. (Step 3) Phenotypes are quantified with single-cell resolution. Target cells are chosen based on the desired
phenotypic profile. (Step 4) Target cells are optically tagged for retrieval by single-cell illumination. (Step 5) The tagged cells are detected and isolated using Fluorescence-
activated cell sorting (FACS). (Step 6) The sorted cells are genotyped or further characterized as needed for the specific project. Additional rounds of screening can be

performed if needed, for example, when conducting directed evolution experiments.

photoactivating an organic dye, thereby illustrating the applicability
of our method to nongenetically tractable cells. To demonstrate
the high-throughput nature of SPOTlight, we imaged more than
3 million cells expressing variations of a yellow FP (YFP) and simul-
taneously screened for photostability—a temporal property—and
brightness. Using SPOTlight, we were able to identify a new YFP
variant, mGold, that is up to ~5-fold more photostable and as bright
as its parental protein, mVenus, making it the most photostable YFP
to date. Because of the versatility and generality of SPOTlight, we
anticipate its wide utilization for understanding and reengineering
biological systems via high-throughput phenotypic screening of
spatiotemporal properties.

RESULTS

Precise optical tagging of individual cells of various types
within dense populations

While phototransformable FPs have been shown to enable optical
highlighting of individual or population of cells (16-18, 20), we
sought to determine whether these reagents could enable selective
tagging of individual cells within crowded populations with high
specificity and sufficient signal-to-background ratio to be detected
by FACS. We focused on photoactivatable red FPs (PA-RFPs) given
that they provide spectral compatibility with the large catalog of
blue, cyan, green, and yellow fluorophores that are commonly used
for spatiotemporal profiling of cellular activity (21). We bench-
marked three PA-RFPs and selected PAmCherryl (22) due to its
faster photoactivation kinetics and larger fluorescence fold change
upon activation compared with other PA-RFPs (fig. S1). We

Lee etal., Sci. Adv. 2020; 6 : eabb7438 23 October 2020

coexpressed PAmCherryl and enhanced green FP (EGFP) in bacterial
(Escherichia coli), yeast (Saccharomyces cerevisiae), and human cells
[human embryonic kidney 293A (HEK293A)]. EGFP served as a
marker to visualize cells under fluorescence microscopy. We arbi-
trarily selected cells in crowded fields of view and used a digital
micromirror device (DMD) attached to a conventional widefield flu-
orescence microscope to restrict the photoactivating (violet) light to
the preselected cells (fig. S2). For all the cell types tested, the tagged
cells showed an increase in fluorescence of at least two orders of
magnitude after 1.5 min of photoactivation (Fig. 2, A and B). Cells
adjacent to the target cells showed minimal changes in fluorescence,
confirming that we can achieve optical tagging with high spatial
specificity in individual cells with a diameter ranging from ~1 pm
(bacteria) to ~15 um (human cells). We further showed that single
cells expressing PAmCherryl can be activated by two-photon laser
scanning microscopy (fig. $3), a method of choice for deep-tissue
imaging (23). However, initial illumination parameters produced
lower contrast ratio than those obtained with one-photon illumination
and will require further optimization.

We next sought to demonstrate that small populations of indi-
vidually tagged cells can be isolated using FACS. We transiently
transfected human cells with nucleus-localized fusions of PAmCherryl
with either GFP (GFP" cells) or TagBFP [blue FP (BFP)" cells].
GFP" cells were diluted 20-fold with BFP* cells. Automated image
analysis was used to detect and photoactivate 50 to 100 GFP* cells
out of >100,000 cells under one-photon microscopy. We recov-
ered 54 + 10% (SD) of photoactivated cells using our RFP* photoac-
tivated cell gate with a precision [true positives/(true positives +
false positives)] of 97 + 5% (SD; Fig. 2, C and D, and fig. S4). To
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Fig. 2. Spatially-precise single-cell optical tagging and retrieval can be achieved with multiple cell types. (A and B) Individual bacteria, yeast, and human cells can
be selectively photoactivated in crowded cultures, with minimal spurious photoactivation of neighboring cells. (A) Representative examples. Yellow arrows point to tar-
geted cells. Scale bars, 20 um. (B) Mean photoactivation fold change of target cells compared with their closest neighboring cells. The shaded regions represent the
standard error of the mean (SEM). n =7 (bacteria), 18 (yeast), and 5 (human) target cells. Equal numbers of neighboring cells were quantified. RFP, is the RFP intensity
at t=0. (C to E) SPOTlight enables the identification of photoactivated cells with high precision. (C) Schematics of the experimental strategy. (D) Human cells expressing
EGFP and PAmCherry (GFP* cells) were diluted 20-fold with cells expressing TagBFP and PAmCherry1 (BFP* cells). In this representative experiment, 56 GFP* cells were
photoactivated. Out of 35 cells detected in the RFP* sorting gate (left), 32 (~91%) were true positives while 3 were false positives (right). (E) Yeast cells expressing EGFP
and PAmCherry1 were diluted 500-fold with cells expressing TagBFP and PAmCherry1. In this representative experiment, 96 GFP* cells were photoactivated. Of
31 cells detected in the RFP* sorting gate (left), 29 (~94%) were true positives while 2 were false positives (right). The photoactivated cell gates for (D) and (E) were

determined using controls shown in fig. S4C. a.u., arbitrary units.

show that FACS-based detection of optically-tagged cells can be
achieved with cells of different sizes and shapes, we also photo-
activated 100 to 200 GFP" yeast cells out of >600,000 cells contain-
ing a 500-fold excess of BFP+ cells. We recovered 26 + 8% (SD) of
photoactivated cells with a precision of 91 + 2% (SD; Fig. 2, C and E,
and fig. S4). Designing photoactivation gates to recover cells with
weaker PA-RFP fluorescence increased recovery rates (sensitivity)
but decreased precision (fig. S4E).

Optical tagging of human cells and intestinal organoids
without genetic modification.

Having established single-cell optical tagging with PAmCherryl, we
evaluated the applicability of our method for isolating nongeneti-
cally tractable cells using a photoactivatable dye [PA-JF549 (24)]
rather than a photoactivatable FP. We stained human cells with
PA-JF549 and targeted individual cells. After 1.5 min of photoactiva-
tion, the photoactivated human cells produced a ~130-fold increase
in red fluorescence (Fig. 3, A and B), slightly larger than what we
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obtained with PAmCherryl (Fig. 2B). Neighboring cells showed
minimal changes in fluorescence, demonstrating the spatial precision
of our technique. To verify that photoactivated cells can be detected
using FACS, we tagged 112 of ~70,000 human cells and recovered
70 human cells, corresponding to a recovery rate of 62.5% (Fig. 3C).
We confirmed by microscopy that the sorted HEK293A cells emitted
bright red fluorescence expected of photoactivated cells (fig. S4F).
We next sought to determine whether tissues could be stained
with PA-JF549 and photoactivated, using human intestinal enteroids
as a model. Photoactivation (1.5 min) of whole enteroids, which are
typically composed of 500 to 1000 cells, produced a ~20-fold increase
in red fluorescence with minimal activation of neighboring en-
teroids (Fig. 3, D and E). This fold increase in fluorescence was lower
than observed with single human cells (Fig. 3B), possibly due to in-
efficient photoactivation of upper cell layers when using the bot-
tom cell layer as the focal plane. We confirmed that photoactivated
cells could be recovered by FACS by arbitrarily tagging 9 whole en-
teroids of a population of ~300, dissociating all enteroids into single
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Fig. 3. A photoactivatable dye enables optical tagging and retrieval of human cells without genetically encoded transgenes. (A to C) Individual human cells
stained with the photoactivatable dye PA-JF549 can be selectively tagged and retrieved. (A) Representative example of single-cell photoactivation. The yellow arrow
points to the targeted cell. Merged images of the brightfield and red channels are shown. Scale bar, 20 um. (B) Mean photoactivation fold change of target cells compared
with their closest neighboring cells. F is the fluorescence; F, is F at t = 0. The shaded regions represent the SEM. n =12 cells per condition. (C) Photoactivated cells can be
retrieved by FACS. In a representative example, 112 out of ~70,000 cells were individually photoactivated for 1 min. Seventy of the photoactivated cells (~63%) were recov-
ered by FACS. (D to F) Whole enteroids stained with the photoactivatable dye PA-JF549 can be selectively tagged and their cells recovered by FACS. (D) Photoactiva-
tion of a representative enteroid. The red square shows the approximate area targeted for photoactivation. Merged images of the brightfield and red channels are
shown. Scale bar, 50 um. (E) Photoactivation fold change of target enteroids compared with their closest neighboring enteroids. The shaded regions represent the SEM.
n=11 enteroids per condition. (F) Cells from optically tagged whole enteroids can be recovered by FACS. Nine of 300 enteroids were each photoactivated for 1 min,

pooled, and dissociated. A total of 241 individual cells were recovered by FACS.

cells, and sorting the resulting culture. A total of 241 individual
photoactivated cells were recovered (Fig. 3F).

SPOTIight screening of ~3 million cells identified the most
photostable YFP reported to date

While SPOTlight is a general strategy that can be applied to various
visual phenotypes and cell types, we demonstrated its performance
in a representative application that leverages its ability to screen for
temporal properties. We focused on protein engineering given the
large community seeking to develop improved antibodies, gene
editing reagents, cell activity reporters, and protein-based optical and
chemical switches. We decided to screen for improved FPs given
the ubiquitous use of these reagents in biomedical research. A limita-
tion of all FPs is that they suffer from photobleaching through re-
peated or prolonged illumination, thereby hindering their deployment
in applications requiring long-term imaging of cellular activity (25)
or high signal stability (26). We chose to improve mVenus (27, 28),
a bright YFP widely used as an individual tag (29, 30) and within
biosensors (31, 32).

Methods reported thus far for screening for photostability are
limited in throughput. Photobleaching colonies on agar plates has
low throughput because bacterial colonies must be sufficiently
sparse to be isolated by picking and because plates are typically
replaced manually. Moreover, the illumination must be spread over
a wide area, resulting in low irradiances and, therefore, longer photo-
bleaching times than achievable under microscopy (33). An alterna-
tive and innovative strategy is to photobleach and then sort single
cells using a microfluidic device (34). However, as every cell is evalu-
ated sequentially, high throughput can only be achieved using laser-
based illumination at an irradiance that is orders of magnitude
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(~2 kW/cm?) above those commonly used for wide-field live cell
imaging. Since photobleaching rates and mechanisms are depen-
dent on illumination power and modality (35, 36), screening
techniques with excitation power that more closely approximate
common experimental methods would be preferred. An innovative
image-based method based on single-cell barcoding was used to
improve the photostability of the protein-fluorogen tag YFAST
(6), but this method is laborious and time consuming as further
discussed in the Introduction. Lastly, FACS is poorly adapted in
screening for photostability given that it is a temporal property, re-
quiring the comparison of fluorescence between the beginning and
the end of illumination. Because SPOTlight is rapid and designed to
screen for temporal properties, we proceeded to apply this method
for improving the photostability of mVenus.

We sought to optimize YFPs for mammalian cell expression.
Although Escherichia coli is the most common host for engineering
FPs, we reasoned that yeast would be a more predictive host model
given that it has similar protein synthesis machinery as mammalian
cells (37). Moreover, beneficial mutations in bacteria may not extend
to mammalian cells because mutations that increase maturation
speed are predicted to have a larger increase in fluorescence when
expressing FPs in faster-growing bacteria than in slower-growing
mammalian cells (28). Screening in yeast, which has a growth rate
between those of bacteria and mammalian cells, would mitigate this
issue. Compared with screening in mammalian cells directly, yeast
enables simpler production of large libraries. When commonly used
FPs were expressed in yeast grown at 37°C and at pH 7, their rela-
tive brightness and photostability strongly predicted their relative
performance in human cells, producing correlation coefficients (r)
of 0.96 for brightness and 0.99 for photostability (fig. S5). These
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results validate our hypothesis that yeast cells grown under the right
conditions are suitable to screen FPs for mammalian expression.

We sought to conduct a multiparameter screening of mVenus
libraries given that simultaneous optimization of both brightness
and photostability was previously shown to be critical to avoid
selecting for photostable but dimmer variants (Fig. 4A) (36). We first
developed an expression and screening vector coexpressing mVenus
variants, PAmCherry1, and TagBFP from a strong constitutive pro-
moter (Fig. 4B). TagBFP was used to normalize for cell-to-cell varia-
tions in plasmid copy number and expression capacity. We created
libraries by multisite saturation mutagenesis of mVenus. Since dif-
ferent YFPs vary in their photostability, we targeted seven residues
that showed high variation between these FPs (fig. S6A). In addition, as
photobleaching can be affected by the conformational flexibility of the
chromophore and by chemical reactions involving peri-chromophore
residues (26), we also chose six residues that interact with the chromo-
phore via hydrophobic interactions or hydrogen bonds (fig. S6B).

We built eight mutagenesis libraries that targeted 21 residues:
the 13 residues mentioned above and eight neighboring residues
(fig. S6, C and D). We simultaneously targeted three residues per
library, thus producing 8000 possible combinations. According to
a probabilistic model (38), these libraries required screening of
12,000 clones to achieve a 95% probability of identifying one of the
top three variants. We therefore sought to produce libraries with
greater than 12,000 colonies. Using standard chemical transforma-
tion, we obtained up to 54,400 colonies (fig. S6E) that were pooled
together for SPOTlight imaging. We imaged >10-fold more cells than
colonies to enable excellent coverage of the colonies. The total num-
ber of individual cells assayed ranged from around 200,000 to more
than 700,000 cells per library (fig. S6F).

Pooled single-cell variants were immobilized on an imaging plate
to form a densely-packed monolayer of cells: ~5000 cells per field of
view of ~0.43 mm? (Fig. 4C). The cells were then photobleached
with 508 nm light for 45 s at 20 mW/mm?, producing a ~40% average
decrease in fluorescence. For each round of screening we photo-
bleached and imaged 64 to 169 fields of view and conducted an
automated image analysis of individual cells. As brightness and
photostability can show variation between individual cells express-
ing the same FP, we quantified the probability that each cell was
expressing a brighter and/or more photostable variant than the
parental FP (Fig. 4, D to F). These statistics were used to establish
selection thresholds for brightness and photostability. Up to 200 cells
were automatically tagged using these pre-established thresholds for
brightness and photostability (Fig. 4, G and H). We sorted photoacti-
vated cells by FACS (Fig. 4, I and J), regrew each cell in a separate cul-
ture, and confirmed the improved brightness and/or photostability of
the selected variants expressed by these homogenous populations.

We screened ~3 million single cells across eight libraries and
identified several variants that showed improved photostability.
Our best variant combined the mutations L46F and T63S (fig. S6G),
resulting in up to ~5-fold longer photobleaching half-lives in yeast
and human cells without any loss in brightness (Fig. 5, A and B,
and fig. S7). To our knowledge, T63S has not previously been reported
as a beneficial mutation. We named mVenus(L46F;T63S) “mGold”
because it is a more (photo)durable protein. mGold has similar
spectra, pK, (where K, is the acid dissociation constant), and molec-
ular brightness as mVenus (fig. S8, A to E, and table S1). mGold and
mVenus are equally insensitive to chloride (fig. S8F and table S1)
and have a similar profile of low cytotoxicity (fig. S8G). We demon-
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strated that mGold is monomeric (fig. S8H), has similar brightness
as mVenus in bacteria (fig. S8, I and J), and can be used as a fusion
partner in human cells (Fig. 5, C and D, and fig. S9). We also showed
the suitability of mGold to visualize cellular dynamics by conduct-
ing 3- to 24-hour time-lapse imaging experiments with 30- to 180-s
intervals. Using mGold fused with keratin, we visualized cell divi-
sion (movie S1) and cell attachment (movie S2). When mVenus
was imaged under the same conditions, it photobleached rapidly
(Fig. 5C), highlighting the importance of photostability for time-
lapse imaging.

DISCUSSION

Mapping genotypes to phenotypes at the single cell level is critical
to understanding and repurposing macromolecules, pathways, and
organisms. Microscopy-based profiling of individual cells is now a
routine, aided by automated hardware and image analysis tools for
quantifying complex spatiotemporal phenotypes (21). The ability to
retrieve specific cells with desired phenotypic profiles is a wide-
spread need, bolstered by enthusiasm for single-cell multiomics
technologies and cell atlas projects (39), but remains challenging.
Advanced microscopy-based techniques have emerged for single-
cell retrieval (8-14). However, existing approaches are best adapted
to specific experimental contexts (e.g., cell type, imaging chamber,
assay type and/or experimental preparation), limiting the breadth
of their applications.

To address this problem, we developed SPOTlight, a general
microscopy-based method for sorting individual cells based on
visual phenotypes that has the potential to be applied to many dif-
ferent experimental contexts. SPOTlight combines microscopy-
based imaging with single-cell optical tagging and FACS-based
retrieval of tagged cells (Fig. 1). We illustrated the generality of our
method by demonstrating that SPOTlight can be conducted with
both yeast and human cells expressing PA-RFPs (Fig. 2) and
nongenetically tractable human cells by replacing PA-RFPs with
photoactivatable dyes (Fig. 3, A to D).

We expect that SPOTlight can be extended to bacterial cells
given that they can also be photoactivated with high spatial precision
(Fig. 2, A and B). However, attaching bacterial cells to glass using
poly-L-lysine can interfere with cellular health (40) and in this work
resulted in incomplete attachment of some cells on the plate. Exper-
iments with bacteria would, therefore, benefit from microfluidics
chambers or alternative strategies for planar imaging of cells. We
also expect that SPOTlight can be adapted to retrieve single cells
from tissue explants or in vivo, for example to isolate and determine
the transcriptome of individual cells with interesting morphologies
or activity patterns in a more physiological context. While we have
demonstrated photoactivation and retrieval of populations of cells
from human intestinal organoids (Fig. 3, E to G), the ability to ex-
tend these results to individual cells will require methods such as
two-photon microscopy that can restrict photoactivation to single
cells with high three-dimensional spatial precision. PA-RFPs can be
photoactivated under two-photon illumination, as shown in popu-
lations of cells (41, 42) and in single cells (this work, fig. S3). How-
ever, conducting SPOTlight in tissues with two-photon excitation
of individual cells will require improvements in the photoactivation
contrast ratio and development of robust tissue dissociation protocols.

Retrieval of tagged cells after imaging allows the massively-parallel
spatiotemporal screening of single-cell variants. As a demonstration

50f17

0202 ‘vz 1890190 uo /610 Bewadusios ssoueApe//:diy Woi) papeojuMo(]


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A
Pooled single YFP channel;t=0s
-cell variants Optical FACS : 3
( taggin .
. 0 SH@ 2999 Sequencing and §
QQ ‘O‘ > characterization §
Photo- @&
bleaching
45s
B
| mVenus
: 227N PAmCherry1Rp2- | TagBFP
pTDH3 variant g . . tADH1
D Probability E F
" 10 1 e Target cells
W
< R ele] |
e ~sig——Cell A 15 | = | |
= - [24] o
206 - 4———CellB o 2810
5 g =10 ;§ - Cell A
£ 04 7 B3 os “cel s
2 g° g5 CellC
o 02 I T - ‘I T 1 -5) 0 g - 00
0 4 8 12 16 @ 04 T .
A B C 0 25 50
Brightness (YFP/BFP) Cell Time (s)
G - - H
Before photoactivation After photoactivation 2000—
c3 -
S © 1500
T >
2z =
o + 1000—
E £
T o
X 500
0 1 e ‘
Before After
I No photoactivation Photoactivation of 1 field of view J Photoactivation of
(negative control) (positive control) single cells
108 10%4 _
S E E 5
. ® 5 -1 0/31,815 5 172/164,664 . ® 30/6,002,237
3= 100 gt 10°4 g )
T ® 1° T @ X
ES .4 Eg
T E 1074 < E
O E On
'5.'5 Photoactivated L = Photoactivated
3 o ]
~ 10%. .cell gate ~ cell gate
0 :
TR T |4 T |5 Lt | T |4 T |5 T |4 T 15
0 10 10 0 10 10 0 10 10
Photoactivation marker Photoactivation marker Photoactivation marker
(RFP intensity, a.u.) (RFP intensity, a.u.) (RFP intensity, a.u.)

Fig. 4. Automated photostability and brightness screening of ~ 3 million cells encoding mVenus variants. (A) Schematic of the experimental protocol. Photo-
bleaching is performed with 508/25 nm light at 20 mW/mm?. (B) Expression cassette on the screening plasmid. (C to J) A representative round of screening. (C) Left:
A representative field of view showing yeast cells expressing mVenus variants. Right: Magnified images and segmentation masks. Scale bars, 25 um. (D) Photophysical
properties of 287,186 individual cells from a representative library screening experiment. The color scheme represents the probability that each individual cell expresses
a mutant with improved optical properties compared with its parental FP. The red circles indicate cells that were selected for optical tagging. (E and F) Representative
example of three cells with different brightness (E) and photostability values (F). Cells are from the library depicted in (D). Scale bars, 1T um. (G) A mosaic image of the
45 photoactivated cells before and after photoactivation. Scale bar, 10 um. (H) RFP intensities of target cells before and after photoactivation. The black lines indicate the
median values. (I) The photoactivation (RFP*) gate was designed using control samples with (left) and without (right) photoactivated cells. The ratio in blue indicates
the number of cells inside the gate over the total number of cells analyzed. (J) Thirty of 45 optically tagged cells were detected and sorted by FACS.
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Fig. 5. SPOTlight screening identified a YFP with up to fivefold improvement in photostability. (A and B) In cellulo characterization of mGold, the best YFP variant
identified from screening. (A) mGold was more photostable than commonly used YFPs and exhibited similar brightness. Cells were photobleached with 508/25-nm light
at 20 mW/mm?. YFP brightness was normalized for cell-to-cell differences in protein expression (YFP/BFP). The square markers indicate the means from six yeast cultures
or six independent transfections. For each replicate, the mean photobleaching half-life and brightness of several hundred yeast or human cells were determined. The error
bars represent the SEM. P<0.0001 for Welch’s analysis of variance (ANOVA) for both yeast and human cell data. ****P < 0.0001 for Dunnett’s T3 post hoc test. (B) mGold is
more photostable than mVenus over a range of irradiance levels. The mean photobleaching half-lives were computed from three yeast cultures or three independent
transfections per irradiance level. For each replicate, the mean photobleaching half-life of several thousand yeast cells or hundreds of human cells was determined. The
error bars represent the SEM. P=0.013 (yeast) and <0.0001 (human cells) for t tests comparing the areas under the curve. **P <0.01, ***P < 0.001, and ****P < 0.0001 for
t tests corrected for multiple comparisons with the Holm-Sidak method. (C) Time-lapse imaging experiment of representative Hela cells expressing a fusion of keratin
with mGold (top) or mVenus (bottom). Nuclei were identified by coexpressing a fusion of H2B and EBFP2. Cells were imaged every 30 s for 3 hours. Scale bars, 20 um. (D) Ex-
pressing fusions of mGold and subcellular localization tags produced the expected pattern of fluorescence in Hela cells. ER, endoplasmic reticulum. Scale bars, 10 um.

that SPOTlight enables retrieval of individual cells based on temporal
properties, we conducted a fully automated directed evolution of
photostable and bright YFPs. We screened ~3 million single cells at
a throughput of ~1500 to 2000 variants per min. This is the equiva-
lent of ~16 to 21 96-well plates per min (assuming one variant per
well), far exceeding the throughput possible with standard well-by-
well approaches. The absolute throughput of SPOTlight will vary
between assays depending on the properties being monitored, the
number of cells per field of view (which, in turn, depends on the
objective magnification, the detector size, and the cell density), and
the speed at which a specific microscope and illumination method
can scan fields of view. Compared with other screening approaches
that compartmentalize single-cell variants into individual microfluidic
chambers or microcapillaries (9-11), SPOTlight can work on densely
packed populations of cells. As a result, a greater number of cells
within a defined imaging area can be screened. For complex exper-
iments, the FACS step of SPOTlight can be used as an opportunity

Lee etal., Sci. Adv. 2020; 6 : eabb7438 23 October 2020

to screen based on forward scatter, side scatter, or fluorescence in a
different color channel. The latter would enable SPOTlight to be
combined with assays such as antibody staining that are often more
easily performed outside of the microscope stage.

While our manuscript was under revision, a study reported the
application of a green-to-red photoconvertible protein for tagging
and retrieving individual cells (43). Compared with our focus on a
temporal property (photostability), the authors applied their method
to spatial characteristics such as morphology and subcellular local-
ization, demonstrating that our conceptual approach can be ex-
tended to a wide range of visual phenotypes. Our implementation
with a single-color red photoactivable FP rather than a green-to-red
photoconvertible FP enables spectral compatibility with cyan-to-
yellow fluorophores. This is an important advantage, allowing screening
with—or optimization of—many of the most commonly used fluo-
rescent indicators of cellular activity (44, 45). SPOTlight can read-
ily be extended to use photoactivatable FPs or dyes of other colors
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(20, 46, 47) when screening cells expressing or labeled with a red
fluorophore.

Our screening experiments highlight the importance of multipa-
rameter screening of both static and dynamic properties. One of the
mutations of mGold, L46F, reverted a key mVenus mutation origi-
nally shown to increase fluorescence by more than 10-fold in E. coli
at 37°C (48). Our results suggest that the use of F46L may come at
the expense of photostability, a property that was not assayed in the
original studies. In the context of mGold, L46F caused no signifi-
cant decreases in brightness when expressed in bacteria, yeast, and
human cells (Fig. 5A and fig. S8I). To the best of our knowledge,
mGold is the most photostable YFP currently available. Therefore,
beyond being a powerful illustration of the SPOTlight platform, we
anticipate that mGold will facilitate experiments in which photo-
stability is important, such as when conducting time-lapse imaging
to follow cellular activity over prolonged durations or when high light
power is necessary for detection of a small number of molecules.

Additional development of SPOTlight would also be useful. For
example, a greater photoactivation contrast ratio would help improve
sensitivity by increasing the detectability of optically tagged cells
from the overall population (Fig. 2, D and E). This may be achieved
by photoactivating cells with higher light power (43) or by develop-
ing new PA-RFPs with greater photoactivation efficiency and faster
kinetics. Faster photoactivation would accelerate screening or en-
able tagging of more cells within the same duration. Optimizing the
dissociation of cells from plates would be expected to increase the num-
ber of photoactivated cells that can be recovered.

Critically, SPOTlight can be rapidly disseminated to the broader
community, as fluorescence microscopes can be easily retrofitted
with photoactivation light sources and commercially available light
patterning devices. Optical tagging can in principle be accom-
plished with a wide range of commercially-available devices that
enable selective illumination of target cells such as digital micromirror
devices (this work), galvano scanners, spatial light modulators, single-
spot laser-based photoactivation units, or acousto-optic deflectors.
Laser-scanning confocal microscopes, common in institutional core
facilities, are often equipped with a 405 nm laser, which can photo-
activate the PA-FPs and dyes described here. A key feature of many
disruptive technologies is their utility across multiple fields and their
compatibility with many experimental preparations (e.g., FPs and
CRISPR-Cas9). Similarly, we believe that the versatility of SPOTlight
for sophisticated phenotype-activated cell sorting will result in its broad
adoption across the biomedical sciences, bioengineering, and synthetic
biology. Overall, we anticipate that SPOTlight will become a method
of choice for understanding and reengineering biological systems
by mapping visual phenotypes to genotypes in individual cells.

METHODS
Post-publication updates and resources will be posted at www.
spotlightscreening.tech.

Plasmid construction
Expression plasmids were cloned using standard cloning methods.
Selected mGold expression plasmids and their sequences are avail-
able from Addgene (plasmid numbers 157995-158009). Additional
plasmid sequences are available upon request.

For expression in bacteria, FPs were cloned in pNCS (49), a
bacterial expression plasmid with a constitutive promoter (50),a T7

Lee etal., Sci. Adv. 2020; 6 : eabb7438 23 October 2020

terminator, and an ampicillin resistance marker. For optical tagging
experiments, EGFP and PAmCherryl were coexpressed from the
same promoter using separate ribosome binding sites (AAGAAG-
GAGATATACATATG).

To express constructs in yeast, we created the pJL1 plasmid
by subcloning the strong constitutive pTDH3 promoter from the
pYTKO009 plasmid (51) in pDR196, a multicopy 2-micron plasmid
with URA3 auxotrophic selection marker and the tADHI1 terminator
(52). Restriction sites for Nhe I and Bgl II were introduced in
PpDR196 to flank the pTDH3 promoter. Note that the Bgl IT restriction
site also functions as the Kozak sequence (5I). Ribosome-skipping
2A sequences from porcine teschovirus-1 virus (P2A) and/or
Thosea asigna virus (T2A) were used for multicistronic expression.
To characterize PAmCherryl expressed from the genome, genome
integration was conducted as previously described (53).

To express constructs in human cells, we used a few different
plasmid backbones. The experiments with Clover, EGFP, mNeonGreen,
and Envy in fig. S5 were performed using the series of pcDNA3.1/
puro-CAG-GFP-P2A-mCherry plasmids previously reported (54),
as listed below (see the “Fluorescent proteins” section). The experi-
ments with mClover3 and sfGFP were made with plasmids constructed
by substituting Clover with these alternative GFPs. To determine the
two-photon excitation spectra and cytotoxicity of FPs, we cloned
FPs in the Nhe I and Hind III sites of pcDNA3.1/puro-CAG (55), a
plasmid we have previously used for a similar purpose (56). For
targeting mGold to subcellular regions, we replaced the native FP for
mGold in Addgene plasmids #54134 (keratin), #56324 (endoplasmic
reticulum), #56619 (mitochondria), #56618 (lysosome), #56332
(golgi), #55507(endosome), #55953 (nucleus), #56395 (actin), and #56399
(tubulin). For all other experiments, we used the pJL2 plasmid, which
we created using the Nhe I and Kpn I restriction sites to replace the
yeast expression cassette in pJL1 with an expression cassette for hu-
man cells. FPs were cloned between the strong constitutive cyto-
megalovirus promoter (subcloned from the pRS406 plasmid, Addgene
#83410) and the bovine growth hormone polyadenylation signal
(subcloned from the Duet011 plasmid, Addgene #17627).

Fluorescent proteins
The FPs used in this work are shown in Table 1.

Bacterial culture

E. coli XL10-Gold (catalog no. 200315, Agilent) was used for the
optical tagging experiments and for general cloning purposes. Miller
LB Broth (catalog no. BP1426, Fisher Scientific) and Miller LB Agar
(catalog no. BP1425, Fisher Scientific) supplemented with appro-
priate antibiotics were used to grow bacteria and were prepared fol-
lowing the manufacturer’s instructions.

Yeast culture

All experiments with yeast cells were conducted using the S. cerevisiae
BY4741 strain. All yeast expression plasmids used the URA3 gene as
a selection marker. To avoid plasmid loss, cells were grown in yeast
synthetic dropout medium prepared by mixing Minimal Synthetic
Defined Base (catalog no. 630411, Takara Bio) and -Ura dropout
Supplement (catalog no. 630416, Takara Bio) following the manu-
facturer’s instructions. For growth at pH 7.0, the synthetic dropout
medium was supplemented with 10 mM HEPES (catalog no.H3375,
Sigma-Aldrich) and adjusted pH to 7.0 using NaOH (catalog no.
S5881, Sigma-Aldrich). To prepare yeast competent cells, yeast
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Table 1. FPs used in this study. Note that Venus has incorrectly been used to refer to slightly different sequences in publications following the initial report of
Venus (27, 28). The mVenus variant used in this work has been confirmed to be the monomeric (A206K) version of the original Venus by the first author of the
publication reporting Venus (T. Nagai, pers. comm.) and has the same protein sequence (except A206K) as the Venus from the plasmid the Miyawaki group

deposited on Addgene (#54859).

Fluorescent protein Type Source

TagBFP BFP Gene synthesis using the sequence from Evrogen
catalog no. FP171 as the template

EGFP GFP PcDNA3.1-Puro-CAG-EGFP-P2A-mCherry used in Ref.
(55), a generous gift from Michael Lin (Stanford
University)

Clover GFP PcDNA3.1-Puro-CAG-Clover-P2A-mCherry used in
Ref. (54), a generous gift from Michael Lin (Stanford
University)

mClover3 GFP Gene synthesis using the sequence in Ref. (54) as the
template

sfGFP GFP Addgene #54579

mNeonGreen GFP PcDNA3.1-Puro-CAG-mNeonGreen-P2A-mCherry
used in Ref. (54), a generous gift from Michael Lin
(Stanford University)

Envy GFP pcDNA3.1-Puro-CAG-Envy-P2A-mCherry used in Ref.
(54), a generous gift from Michael Lin (Stanford
University)

mVenus* YFP pNCS-mVenus, generous gift from Michael Lin
(Stanford University)

mCitrine YFP Addgene #54723

YPet YFP Gene synthesis using the sequence in Ref. (57) as the
template

mCherry RFP PcDNA3.1-Puro-CAG-Clover-P2A-mCherry used in
Ref. (54), a generous gift from Michael Lin (Stanford
University)

tdTomato RFP Addgene #91767

PAmCherry1 PA-RFP Addgene #44855 for yeast experiments, and
Addgene #31928 for bacteria and mammalian cell
experiments

PATagRFP PA-RFP Addgene #44854

PAmKate PA-RFP Addgene #32692

extract, peptone, and dextrose [YPD; catalog no. 242820, Becton
Dickinson (BD)] was used. Agar plates were prepared by add-
ing 25 g/liter of agar (catalog no. BP1423, Fisher Scientific) to liquid
synthetic dropout and YPD media.

Human cell culture

HEK293A cells (RRID:CVCL_6910, catalog no. R70507, Thermo
Fisher Scientific) and HeLa cells (from the Cell-Based Assay Screen-
ing Service Core, Baylor College of Medicine) were used for mam-
malian experiments. Human cells refer to HEK293A cells unless
specified otherwise. Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM)-high glucose (catalog no. D1145, Sigma-
Aldrich) supplemented with 5% fetal bovine serum (FBS) (catalog
no. F2442, Sigma-Aldrich), 2 mM r-glutamine solution (catalog
no. G7513, Sigma-Aldrich), and 1% (% v/v) penicillin-streptomycin
(catalog no. P4333, Sigma-Aldrich) at 37°C in air with 5% CO,. The
cell lines were confirmed to be mycoplasma free using the MycoAlert
Mycoplasma Detection Kit (catalog no. LT07-118, Lonza).

Lee etal., Sci. Adv. 2020; 6 : eabb7438 23 October 2020

Enteroid culture

D103 duodenal enteroids were acquired from the Digestive Diseases
Center Enteroid Core (Baylor College of Medicine). Enteroids were
passaged in three dimensions suspended in phenol red-free, growth
factor-reduced Matrigel (catalog no. 356231, Corning) with high
Wnt complete media with growth factors (h"W-CMGF") medium
(58) supplemented with 10 umol of Y-27632 Rock inhibitor (cata-
log no. S1049, Selleck Chemicals) and normocin (100 pg/ml) (cat-
alog no. ant-nr-1, InvivoGen) and split weekly.

Fluorescence imaging and optical tagging setup

General setup

Fluorescence imaging was performed using an inverted microscope
(Eclipse Ti-E, Nikon Instruments) equipped with a motorized XY
stage with linear encoders (H139E1N4, Prior Scientific), a hardware
autofocus module (Perfect Focus System, Nikon Instruments), a
multi-photon module (A1R-MP, Nikon Instruments), a 20x 0.75-
numerical aperture (NA) objective (CFI Plan Apo Lambda, Nikon
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Instruments), and imaging software (NIS-Elements HC version
4.60, Nikon Instruments). For optically tagging whole enteroids,
a 10x 0.45-NA objective (CFI Plan Apo Lambda, Nikon Instruments)
was used. All power measurements were conducted at the sample
plane using a power meter console (PM400, Thorlabs) connected to
a sensor head (S170C, Thorlabs).

Widefield microscopy setup for SPOTlight experiments

Blue, green, yellow, and red FPs/dyes were excited with 395/50-nm
(peak/bandwidth), 470/49-nm, 510/50-nm, and 550/40-nm light, re-
spectively, from a solid-state multispectral light engine (Spectra X,
Lumencor). Excitation and emission light were routed to and from
the sample, respectively, using multi bandpass dichroic mirrors (for
BFP and YFP: 69008bs, Chroma; for GFP and RFP: 89100bs, Chroma)
located in a filter cube below the objective turret. Emission light was
filtered with multiband filters (for BFP and YFP: 69008m, Chroma;
for GFP and RFP: 89101m, Chroma). Although not necessary for this
work, our microscope could record from two colors simultaneously
using two scientific complementary metal-oxide-semiconductor
(sCMOS) cameras (ORC Flash 4.0 V2, Hamamatsu) attached to a beam-
splitter (TwinCam, Cairn Research). To separate blue and yellow flu-
orescence, we fitted the beamsplitter with a dichroic mirror (ZT488rdc,
Chroma); BFP emission was further filtered by a 450/50-nm emis-
sion filter (ET450/50m, Chroma). To separate green and red fluo-
rescence, the beamsplitter was fitted with a separate dichroic mirror
(T565lpxr, Chroma), and RFP emission was additionally filtered
by a 632/60-nm emission filter (ET632/60m, Chroma). To optically
tag individual cells expressing photoactivatable FPs or stained with
photoactivatable dyes, light from a high-power 405-nm light-emitting
diode (UHP-F5-405, Prizmatix) was patterned using a digital micro-
mirror device (600 x 800 micromirrors; 10.2 mm by 13.6 mm;
TI-LA-DMD, Nikon Instruments).

Widefield microscopy setup for long-term time-lapse

imaging experiments

For time-lapse imaging experiments with keratin-YFP fusions and
a fusion of H2B and the enhanced blue FP 2 (H2B-EBFP2, used as
nuclear marker), we used a different microscope setup for long-
term imaging. We used an inverted microscope (Eclipse Ti-E,
Nikon Instruments) equipped with a hardware autofocus module
(Perfect Focus System, Nikon Instruments), a motorized XY stage
with linear encoders (Ti-S-ER, Nikon Instruments), a 20x 0.75-NA
objective (CFI Plan Apo VC DIC N2, Nikon Instruments), and
imaging software (NIS-Elements HC version 5.20, Nikon Instru-
ments). HeLa cells were maintained at 37°C in air with 5% CO,
using a stage top incubator (H301, Okolab). BFPs and YFPs were
imaged with 405- and 520-nm laser lines, respectively, using a light
engine that produces expanded beams for widefield microscopy
(LDI-WF, 89 North). Excitation light was filtered (for BFP, ZET405/
470/555/640x, Chroma; for YFP, ZET445/520x, Chroma). Excitation
and emission lights were routed to and from the sample, respectively,
using multiband dichroic mirrors (for BFP, ZT405/470/555/640rpc,
Chroma; for YFP, ZT445/520rpc, Chroma). Emission light was
filtered with multiband filters (for BFP, ZET405/470/555/640m,
Chroma; for YFP, ZET445/520m, Chroma). Images were acquired
using a sSCMOS camera (pco.edge 4.2, PCO).

Two-photon microscopy setup

Two-photon imaging experiments were conducted on the same mi-
croscope described in the “Widefield microscopy setup for SPOTlight
experiments” section. Galvanometric mirrors were used to steer a
titanium:sapphire Chameleon Ultra II laser (Coherent). PAmCherryl
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was excited with 800 nm light. A 560-nm long-pass dichroic mirror
(Nikon Instruments) was used to separate green and red fluorescence.
Emission light was further filtered by a 525/50-nm filter (GFP and
YFP emission) or a 605/70-nm filter (PAmCherry1) and collected using
gallium arsenide phosphide (GaAsP) detectors.

Characterization of optical tagging

Preparing cells for optical tagging

Yeast transformation was conducted using the LiAc/single-stranded
(SS) carrier DNA/polyethylene glycol (PEG) method (59). One
hundred microliters (3 x 10% cells) of frozen competent yeast cells
were transformed with pJL1, a plasmid coexpressing EGFP and
PAmcherryl. To maximize the transformation efficiency, we heat-
shocked the cells for 1 hour and cotransformed cells with high purity
single stranded DNA (ssDNA; catalog no. D9156, Sigma-Aldrich).
Transformed yeast were plated on uracil dropout agar plates and
incubated at 30°C. Seventy-two hours post-transformation, colonies
were picked and grown overnight in uracil dropout medium at pH 4.3
and 30°C. Cells were diluted around ~20-fold and regrown to mid-
log phase, corresponding to an ODgg (optical density at 600 nm)
of 2.0, as measured using the SmartSpec3000 spectrophotometer
(Bio-Rad). The cells were washed three times with water and plated
on glass-bottom plates (catalog no. P24-1.5H-N, Cellvis) coated with
a0.1 mg/ml solution of poly-L-lysine. The stock solution of poly-1-
lysine was prepared by dissolving poly-L-lysine (molecular weight,
=300,000; catalog no. P1524, Sigma-Aldrich) to 1.0 mg/mlina 0.1 mM
boric acid-sodium tetraborate decahydrate solution (catalog nos.
B0252 and B9876, Sigma-Aldrich) and adjusted pH to 8.5 using NaOH.
The poly-L-lysine solution was diluted to its final concentration
(0.1 mg/ml) using phosphate-buffered saline (PBS; catalog no. 806544,
Sigma-Aldrich). The attached cells were washed twice with water.
After the final wash, water was replaced with PBS.

To conduct experiments with human cells expressing PA-RFPs,
HEK293A cells were cotransfected with pJL2-EGFP and pCMV-
PAmCherryl plasmids using the FuGENE HD Transfection Reagent
(catalog no. E2311, Promega) following the manufacturer’s instructions,
except that cells were transfected with 200 ng of DNA and 0.6 pl of
FuGENE per well of a 24-well plate or 100 ng of DNA and 0.3 pl of
FuGENE per well of a 96-well plate. Transfected cells were placed on a
poly-L-lysine-coated 24-well or 96-well glass-bottom microplate (cata-
log no. P24-1.5H-N or P96-1.5H-N, Cellvis) and incubated at 37°C in air
with 5% CO; for 2 days. Only before imaging, cells were washed once with
Dulbecco’s PBS (DPBS) (catalog no. 21-031-CV, Corning), and the growth
medium was replaced with Hank’s balanced salt solution (HBSS) (cat-
alog no. H8264, Sigma-Aldrich), supplemented with 10 mM HEPES.

For experiments with human cells stained with photoactivatable
dyes, PA-JF549 dye (24) was diluted to 100 nM in supplemented DMEM.
The medium used to culture HEK239A cells or enteroids was replaced
by the diluted dye. The cells were stained for 15 min (HEK239A cells)
or 30 min (enteroids) at 37°C in air with 5% CQO,. Stained cells were
washed once by replacing the diluted dye with fresh DMEM and by
incubating the cells at 37