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16 SUMMARY:
17  This article describes a FRET-based flow cytometry protocol to quantify protein self-assembly in
18 both S. cerevisiae and HEK293T cells.
19
20  ABSTRACT:
21  Protein self-assembly governs protein function and compartmentalizes cellular processes in
22  space and time. Current methods to study it suffer from low-sensitivity, indirect read-outs,
23  limited throughput, and/or population-level rather than single-cell resolution. We designed a
24  flow cytometry-based single methodology that addresses all of these limitations: Distributed
25  Amphifluoric FRET or DAmMFRET. DAMFRET detects and quantifies protein self-assemblies by
26  sensitized emission FRET in vivo, enables deployment across model systems—from yeast to
27  human cells—and achieves sensitive, single-cell, high-throughput read-outs irrespective of
28  protein localization or solubility.
29
30 INTRODUCTION:
31  Assays to study homotypic protein interactions, or “self-assembly” are important because the
32  oligomeric state and solubility of proteins dictate their function. The proteome abounds with
33  homo-multimers'™, whereas relatively few proteins function as monomers. Proteins can also
34  assemble aberrantly due to stress, age, or misregulation, leading to pathological changes in
35  activity. Identifying the factors that modulate such events, or even the physical nature of the
36  assemblies, is often exceptionally challenging.
37
38 A growing number of proteins are now recognized to self-assemble with extraordinary
39 cooperativity and indeterminate stoichiometry, resulting in their demixing from other cellular
40  constituents, as protein-dense phases. These take the form of disordered condensates, such as
41  droplets and gels, or highly ordered filaments, such as amyloid fibers. The conformational
42  fluctuations associated with the latter render its initial formation, or nucleation, inherently
43  probabilistic at the molecular level>®. Because the probability of nucleation scales with volume,
44  the formation of such assemblies can be highly stochastic in the spatial confines of living cells”:.
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At the extreme of stochastic nucleation-limited phase separation are prions, highly ordered
protein assemblies that only rarely nucleate spontaneously, but once formed, template their own
growth indefinitely. One such protein, known as ASC, executes a digital prion-like switch in the
activity of mammalian innate immune cells. ASC self-assembly is nucleated by its interaction with
specific proteins that have themselves oligomerized upon binding pathogen- or danger-
associated molecular patterns. The ASC assemblies in turn nucleate procaspase-1 to self-
assemble and activate, leading to cytokine maturation and pyroptosis of the cell®0. The region
of ASC responsible for its assembly belongs to the death domain superfamily, which consists of
over one-hundred members in the human proteome. Despite the pivotal roles of death domains
in innate immunity and programmed cell death, most of them have not yet been characterized
with respect to self-assembly. The discovery and characterization of additional proteins with such
behavior will be greatly facilitated by a direct, single-cell readout of protein self-assembly.

Classical protein biochemistry approaches to study protein self-assembly, such as size-exclusion
chromatography and ultracentrifugation, are largely limited to population level assessments.
However, cell-to-cell heterogeneity resulting from nucleation-limited phase transitions cannot
be modeled with this level of detail. Single-cell approaches based on fluorescence microscopy
regain this capability, but lack the throughput necessary to accurately quantify nucleation or to
detect rare assemblies. Moreover, soluble self-assemblies such as most enzymes and pre-
amyloid oligomers, are too small and mobile to be resolved by standard light microscopy. They
can be detected by more sophisticated approaches such as fluorescence correlation
spectroscopy, but these are very limited in cell number and throughput.

Proximity-based assays of protein assembly, such as FRET and split fluorophore
complementation, offer a potential solution to these problems. However, they generally require
the use of two different constructs expressing the protein of interest fused to complementary
tags—the donor and acceptor fluorophores in the case of FRET. This compromises experimental
throughput and also reduces sensitivity due to cell-to-cell variation in the relative levels of donor
and acceptor. To circumvent this, we designed an assay that employs a photoconvertible
fluorophore, mEos3.1%, which allows a single construct to express both donor- and acceptor-
tagged protein. The emission spectrum of unconverted mEos3.1 (GFP-like donor) sufficiently
overlaps with the excitation spectrum of photoconverted mEos3.1 (dsRed-like acceptor) to allow
FRET to occur when the molecules are in close proximity (<10 nm). Thus, by exposing cells to an
empirically determined dose of 405 nm light, which photoconverts an optimal fraction of total
mEos3.1 into the acceptor form, we achieve consistent and reproducible relative levels of donor
and acceptor across multiple samples, expression levels, and experiments. We measure the
acceptor fluorescence when excited either directly with 561 nm light, or indirectly (by energy
transfer from the donor) with 488 nm light (i.e., sensitized emission FRET). We report protein
assembly as the ratio of these two values and term it amphifluoric FRET or AmFRET.

In order to calculate protein concentration by flow cytometry, we first calculate the mean
fluorescence intensity of Spc42 tagged with mEos3.1. Because yeast cells contain approximately
1000 molecules of Spc42, we then calculate the fluorescence intensity of a single fluorescent
green mEos3.1 molecule. By leveraging the even photoconversion at all cellular concentrations
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(Figure 1E), we then correlate total mEos3.1 fluorescence values for all acceptor intensities
following photoconversion. We are then able to divide the total number of moles of fluorescent
proteins by the approximate cytosolic volume (as determined using imaging flow cytometry) to
obtain the total cytosolic concentration of the protein of interest. For exact calculations, please
see the original manuscript?.

By expressing the mEos3.1-fused protein from a 2 plasmid in yeast, we probe an approximately
thousand-fold range of protein concentration in every sample®. We achieve the same in HEK293T
cells by virtue of variation in plasmid uptake during transfection, and hence variable copy
number.

The resulting distribution of AmFRET, or DAmMFRET, for many thousands of cells reveals the
concentration-dependence of self-assembly in the cytosol for any protein of interest. Overall,
DAMFRET represents an enabling methodology to discover and characterize protein self-
assembly with an unprecedented combination of sensitivity, throughput, and reproducibility.
While using an imaging cytometer enables us to obtain in vivo protein concentration
measurements, such cytometers are not yet available at most research institutions.
Nevertheless, DAMFRET can be run even in a typical non-imaging cytometer to get distributions
of protein assembly over the range of protein expression.

PROTOCOL:

1. Preparation of Saccharomyces cerevisiae for DAMFRET assay

1.1. Transform experimentally relevant yeast strains with a 2u galactose-inducible plasmid that
expresses the protein of interest® tagged either at the C or N terminus with mEos3.1 using a
standard lithium acetate protocol*? .

1.2. Grow the yeast in liquid culture.

1.2.1. For every query protein, inoculate yeast colonies (transformed), in triplicate, each into 200
uL of appropriate non-inducing growth media (i.e., media containing 2% dextrose, yeast nitrogen

base and amino acids for selection of the plasmid) in a 96-well plate (Figure 1C).

1.2.2. Incubate cells while shaking on a plate shaker (see the Table of Materials) with 1.5 mm
orbit at 1200 rpm at 30 °C for 16 h.

1.3. Induce expression of the gene of interest (representative protocol for 16 h—some proteins
may take more or less time).

1.3.1. Following 16 h of induction, spin the plate at 2200 x g for 2 min at room temperature (RTO
to pellet the samples.
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1.3.2. Remove media by forceful inversion. Resuspend cells with 200 pL of appropriate induction
media (i.e., media containing 2% galactose, yeast nitrogen base and amino acids for selection of
the plasmid). See Figure 1C.

1.3.3. Incubate cells while shaking at 30 °C for 12 h.

1.3.4. Centrifuge (see the Table of Materials) the plate at 2200 x g for 2 min at RT to pellet the
samples. Remove media by forceful inversion. Resuspend cells with 200 pL of the induction
media.

1.3.5. Incubate cells while shaking at 1200 rpm at 30 °C for a further 4 h. This resuspension in
fresh media should happen 4 h prior to running DAMFRET, in order to reduce autofluorescence.

2. Mammalian plasmid creation

2.1. Construct a mammalian vector that has a constitutive promoter and mEos3.1 with a
placeholder to insert the gene of interest and a linker in between them.

NOTE: We constructed a golden gate compatible vector, M1, from a publicly available plasmid
(see the Table of Materials) with the following modifications: an existing Bsal site was removed
by a point mutation G to A (at position 3719 as per the deposited sequence). mEos3.1 was
obtained using site-directed mutagenesis of the fluorophore at 1157V. Inverted Bsal sites
followed by 4x(EAAAR) linker were inserted, by Gibson assembly, in-frame between CMV
promoter and mEos3.1 to produce the final M1 vector. Protein expression is driven by CMV
enhancer and promoter; and transcription termination by SV40 polyadenylation signal.

2.2 Create a library of inserts, compatible with the constructed vector.

NOTE: We order our inserts for Golden Gate assembly as synthetic linear fragments (see table of
materials) flanked by Bsal sites for ligation into M1 between CMV promoter and 4x(EAAAR)-
mEos3.1.

3. Mammalian cell culture and transfection

3.1. Culture HEK293T cells in DMEM + 10% FBS + 1x PenStrep media at 37 °C at 5% CO,.

3.2. On the day prior to transfection, seed 5 x 10° cells in a 6-well plate with 2 mL of media.

3.3. Transfect cells with 2 pg of plasmid DNA using a transfection reagent (see the Table of
Materials) at a ratio of 3:1 (transfection reagent:DNA). Mix the components in 150 uL of reduced

serum media (see the Table of Materials) and incubate it at RT for 15 min, add the mix to each
well and incubate for 48 h for protein expression.
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3.4. Confirm protein expression after 24 h by epifluorescence microscopy (488 nm excitation, 515
nm emission).

4. Preparation of mammalian cells for DAMFRET assay

4.1. After 48 h of protein expression, remove media from each well and carefully wash cells with
1 mL of 37 °C phosphate-buffered saline (PBS). Following washing, aspirate the PBS.

4.2. Add 0.5 mL of trypsin-ethylenediaminetetraacetic acid (EDTA) (0.25%) and incubate for 5 min
at 37 °C.

4.3. Add 0.5 mL of complete DMEM media to each well, resuspend cells and ensure no large
clumps are visible.

4.4. Transfer the whole volume of each well into 1.5 mL tubes.

4.5. Spin cells for 5 min at 1000 x g at room temperature (RT).

4.6. Remove the supernatant and resuspend cell pellet in 1 mL of PBS + 10 mM EDTA.
4.7. Spin the cells for 5 min at 1000 x g at RT.

4.8. Remove the supernatant and resuspend the cell pellet in 1 mL 4% paraformaldehyde (PFA)
+10 mM EDTA in PBS.

4.9. Fix cells for 5 min on a shake table with constant movement.

4.10. Spin cells for 5 min at 1000 x g at RT.

4.11. Remove the supernatant and resuspend the cell pellet in 1 mL of PBS + 10 mM EDTA.
4.12. Spin cells for 5 min at 1000 x g at RT.

4.13. Remove the supernatant and resuspend the cells in adequate volume of buffer for the
cytometry run (for 1 well of a 96-well plate use 200 pL of PBS + 10 mM EDTA).

4.14. Transfer the resuspended cells to one well of a round bottom 96-well plate.
5. Photoconversion of yeast and mammalian cells for the assay
5.1. Photoconvert samples in a microplate with no cover using a UV lamp (see the Table of

Materials) fitted with a 320-500 nm (violet) filter and a beam collimator, positioned 45 cm above
the plate, for a duration of 25 min while shaking. These conditions are appropriate when the
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beam power at the plate is 11.25 mW/cm?, with approximately 17,000 mJ/cm? of total photon
dose?.

6. DAMFRET data collection

6.1. Assay cells using a cytometer with non-collinear 488/561 lasers. The following data are the
minimum requirements for calculation of FRET.

6.1.1. Use a 488 nm excitation/ 515 nm emission channel for the collection of the donor
fluorescence.

6.1.2. Use a 488 nm excitation/ 595 nm emission channel for the collection of the fluorescence
of the FRET signal.

6.1.3. Use a 561 nm excitation/ 595 nm emission channel (non-collinear with the 488/595
channel) for collection of the acceptor fluorescence.

6.1.4. Use a 405 nm excitation/ 457 nm emission channel for the collection of autofluorescence®.
6.1.5. Utilize a brightfield image channel for volume calculation.

NOTE: Imaging cytometer settings for S. cerevisiae are as follows: 60x objective at low flow rate
and high sensitivity; laser powers set to 405 nm at 15 mW, 488 nm at 15 mW, 561 nm at 20 mW.
Imaging cytometer settings for HEK293T cells are as follows: 40x objective at low flow rate and
high sensitivity; laser powers set to 405 nm at 15 mW, 488 nm at 15 mW, 561 nm at 20 mW. Also
note that, our imaging cytometer was custom-designed to have spatially separated 488 nm and
561 nm lasers (i.e., on different cameras) so as to obtain clear resolution of FRET from acceptor
fluorescence.

6.2. Collect data for 20,000-50,000 single cells per sample within a fluorescence positive gate.

6.2.1. Gate single cells by a high aspect ratio and a small cell area as opposed to clumped cells or
debris which would have low aspect ratio and large or very small cell areas respectively.

NOTE: The equivalent parameters in a non-imaging cytometer are FSC (forward scatter) for
approximate cell size and SSC (side scatter) for cell granularity. Additionally, use FSC pulse height
versus pulse width as a proxy for single cell gating. Additionally, it is crucial to not collect events
that have fluorescence values beyond the upper limit of sensitivity of the cytometer. In our
imaging cytometer, we restrict collection of events to a raw maximum pixel value of one less than
the saturation limit for every fluorescent channel we collect. Similarly, for conventional flow
cytometers, data points in the highest intensity bin (which includes events that are beyond the
dynamic range of detection) should not be analyzed.

7. Data analysis
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7.1. Perform compensation using a non-photoconverted mEos3.1 sample for the pure donor
signal and monomeric DsRed2, which has a similar spectrum to the red form of mEos3.1, for the
pure acceptor signal’®. For more sensitivity, ensure that the FRET detector channel is also
considered as a spillover target, in the analysis program.

7.2. Gate samples to select only single cells which are fluorescence positive (as in Figure 2).

7.3. Calculate the AmFRET parameter as the ratio of total FRET signal (488ex/595em) divided by
the total FRET acceptor (561ex/595em) signal.

7.4. Visualize data using a flow cytometry software (see the Table of Materials).

NOTE: Cytosolic concentrations for S. cerevisiae in this study were calculated with the settings
below as in Khan et al.8. Data analysis was performed using flow cytometry software (see Table
of Materials).

REPRESENTATIVE RESULTS:

Detection of oligomers that do not form puncta

We have previously applied DAMFRET for the characterization of protein phase separation, which
typically results in the formation of large protein assemblies that can also be detected by
fluorescence microscopy. To demonstrate the applicability of DAMFRET to diffraction-limited
protein assemblies, we analyzed a biochemically well-characterized protein that forms discrete
homo-heptamers that are far too small to be visualized by light microscopy: the human co-
chaperonin, HSPE1'*, We compared the DAmMFRET profiles of yeast cells expressing mEos3.1
alone, or HSPE1-mEos3.1. The latter exhibited uniform positive AMFRET values, while the former
exhibited negligible AmFRET (Figure 3A). The images of cells acquired by the imaging flow
cytometer (see the Table of Materials) revealed diffuse fluorescence in all channels—donor,
FRET and acceptor, for both mEos3.1- and HSPE1-mEos3.1-expressing cells (Figure 3B). To
confirm this finding at higher optical resolution, we used confocal microscopy to capture z-stacks
for multiple fields of cells. Indeed, the fluorescence was uniformly distributed throughout the
cytosol, with no detectable puncta, whether the cells expressed HSPE1l-mEos3.1 or the
fluorophore alone (Figure 3C). Note that the characterized Kq of HSPE1 is around 3 uM which is
slightly below the sensitivity of our system, and hence we do not observe the sigmoidal
relationship of FRET to concentration that would be expected for this discrete homo-oligomer.
Nevertheless, we conclude that DAMFRET robustly detects soluble homo-oligomerization in vivo
at single cell resolution.

Detection of nucleation-limited assemblies

To showcase the ability of DAMFRET to distinguish discrete homo-oligomers from nucleation-
limited assemblies such as prions, we analyzed the human inflammasome protein ASC. Whereas
WT ASCPYP forms filaments in vivo, the inactive R41E mutant of ASCPYP does not®1°, We expressed
in yeast cells either mEos3.1 alone, or mEos3.1 fused to either WT or R41E ASCPP. Yeast cells
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expressing the fluorophore alone or the mutant form of ASCY? exhibited negligible AmFRET over
the entire concentration range, indicating an inability to self-interact. In contrast, WT ASCP'P
exhibited a DAmFRET profile with two populations: one with negligible AMFRET and the other
with high AmFRET (Figure 4A). As confirmed by the fluorescence images (Figure 4B), these
populations represent cells that contain only soluble protein or instead contain mostly self-
assembled protein, respectively. The discontinuous relationship between the populations, and
the fact they occur at overlapping concentrations indicates that a nucleation barrier stabilizes the
monomeric form of the protein and can keep it from assembling over the duration of the
experiment®. The gap in AmFRET between the two populations indicates that, once nucleation
occurs, it near instantaneously templates other monomers to the assembled form and achieves
a new steady state level of AMFRET. DAMFRET corroborated prior structural data that the point
mutant ASCPYP R41E disrupted nucleation across the concentrations achievable by this expression
system (Figure 4A).

Applicability of DAMFRET in mammalian cells

Although yeast cells are ideal host cells for DAMFRET, we desired to extend the applicability of
DAMFRET to mammalian cells. In order to avoid cell death caused by functional ASC polymers,
we tested DAMFRET in HEK293T cells that lack caspase-1 expression. We expressed the same
proteins in HEK293T cells as we did in yeast cells in Figure 4A. The resulting DAMFRET profiles in
HEK293T cells qualitatively resemble those in yeast cells (Figures 4A,C). DAMFRET, thus, serves
as the most versatile in vivo method to detect and quantify nucleated protein self-assemblies at
single cell resolution with high throughput irrespective of both the presence of microscopically
visible puncta as well as the cell type.

FIGURE AND TABLE LEGENDS:

Figure 1: Overview of experimental design for S. cerevisiae. This figure has been adapted from
Khan et al.8 with permission. (A) 2u plasmid map showing the open reading frame for the protein
of interest, tagged with photoconvertible mEos3.1 and driven by an inducible promoter. (B)
When transformed into yeast cells, the 2u system of replication leads to high copy number
variability among cells. That variation, combined with the transcriptional noise from the GAL1
promoter, results in a broad distribution of protein expression in a population of cells. (C)
Experimental overview for yeast DAMFRET assay. To ensure healthy cells for the assay, colonies
are first inoculated for proliferation over 16 h in synthetic media containing the non-inducing
carbon source, dextrose. Following proliferation, cells are transferred to synthetic media
containing the inducing carbon source, galactose, for 16 h. Following induction, cells are partially
and uniformly photoconverted by exposure to 405 nm light. (D) Samples are then analyzed using
imaging flow cytometry. The spectra and intensities of green and red mEos3.1 render them well-
suited for a FRET donor and acceptor, respectively. When in close proximity to one another, as
occurs in the polymer depicted in the bottom cell, the red molecules will fluorescence upon
excitation of green molecules (FRET). (E) Plot of donor versus acceptor intensities showing a tight
linear relationship upon photoconversion, showing that the efficiency of photoconversion is not
influenced by expression level. (F) Scatter plot of mean acceptor versus donor intensities from
populations of cells expressing a variety of mEos-tagged proteins, in both soluble and amyloid
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forms, showing that the efficiency of photoconversion is not influenced by the fusion partner or
solubility (error bars indicate standard deviation of biological triplicates).

Figure 2: DAmMFRET gating strategy for imaging flow cytometry data. Gating strategy used to
analyze only focused, unbudded single cells which have low autofluorescence and express the
fluorescent protein. (A) Hierarchy of gates to obtain well-focused, live, single cells for analysis.
(B) Histogram of gradient RMS of brightfield channel. This measurement allows for the selection
of cells which are properly focused under transmitted light. (C) Density plot of circularity versus
area showing gated population of unbudded spherical single cells. (D) Density plot showing
autofluorescence (Ch07) versus donor fluorescence (Ch02) intensity showing separate
populations of expressing cells (gated) and dark cells. (E) Scatter plot of donor versus acceptor
intensities showing a clear loss in donor fluorescence in a subset of cells, resulting from FRET
between the donor and acceptor fluorophores. (F) Final DAmFRET plot. Cells containing
unassembled protein are centered around zero AmFRET, while cells containing self-assembled
protein exhibit a positive AMFRET value. Two overlapping populations in the plot is indicative of
a finite barrier to nucleating that protein into higher-order assemblies such as amyloids.

Figure 3: Representative data of monomeric and heptameric proteins by flow cytometry and
microscopy. (A) DAMFRET profile of monomeric mEos3.1 protein (left) and heptameric HSPE1
tagged with mEos3.1 (right) showing increased ratiometric FRET resulting from homotypic
assembly. (B) Images from the cytometer, of cells expressing mEos3.1 (left) and HSPE1 (right)
shown in all captured channels. (C) Representative images of yeast cells expressing monomeric
mEos3.1 (left) and HSPE1 (right). The images are sum projections of confocal slices. At least fifty
cells were imaged to corroborate this observation.

Figure 4: DAMFRET profiles show similar self-assembly behavior of human ASCPY? protein in S.
cerevisiae and HEK293T cells. (A) Density plots showing AMFRET versus cytosolic concentration
(in uM) of mEos3.1 (left), or mEos3.1 fused to WT (center) or monomerizing mutant of ASCPYP
(right) in S. cerevisiae. (B) Images from the cytometer, of cells from the lower and upper gates
(left and center panels, respectively) expressing WT ASCPYP; and of cells expressing ASC?YP R41E
of the indicated gate (right panel). (C) Density plots showing AMFRET versus acceptor intensity
for the same series of proteins as in (A) but expressed in HEK293T cells.

DISCUSSION:

DAmMFRET is the most comprehensive method to detect protein self-assembly in vivo. DAMFRET
combines direct read-out of homotypic protein-protein interactions over a wide range of
concentration, with single cell resolution and high throughput. The direct read-out of DAMFRET
and the fact that the fused proteins do not require a specific subcellular localization or insoluble
state eliminates false positives and extends its applicability to a broad range of proteins at their
native subcellular locations. Notably, by tagging organelles with fluorophores that are spectrally
compatible with mEos3.1, such as T-Sapphire and mCardinal, the subcellular localization of
soluble and assembled forms of proteins can be determined alongside DAMFRET.
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Using the imaging flow cytometer as described here, it takes 8 h to analyze a 96-well plate with
approximately 20,000 gated cells per well. However, we also routinely perform DAMFRET with
standard (non-imaging) cytometers that achieve much higher throughput (up to 20 samples per
minute). In fact, any flow cytometer with spatially separated 488 and 561 nm lasers that is free
from log amp artifacts and has the appropriate PMTs and filters for detecting donor, FRET, and
acceptor signals is sufficient to perform DAmMFRET. At present, this gain in throughput comes at
the expense of localization information and volume determination, such that self-assembly must
then be analyzed as a function of protein expression rather than concentration. This is not a
problem for qualitative analyses. Additionally, it may be possible to estimate cytosolic volume by
fusing a spectrally distinct fluorophore to an endogenous “housekeeping” protein whose
expression tightly correlates with cytosolic volume.

As we have demonstrated through our deployment of DAMFRET in both yeast and mammalian
cells, DAMFRET can be easily adapted to different expression systems. This enables the self-
assembly of proteins to be studied in their native cellular contexts. Moreover, it offers the ability
to compare protein assembly across widely divergent cell-culture models to study the
conservation of mechanisms that govern protein self-assembly.
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g i Detecting and Characterizing Protein Self-Assembly in vivo by Flow Cytometry
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i Shriram Venkatesan, Tejbir S. Kandola, Alejandro Rodriguez Gama, Andrew Box,
Randal Halfmann

ltem 1: The Author elects to have the Materials be -made available (as described at

http://www.jove.com/publish) via:

DStandard Access

Item 2: Please select one of the following items:

Open Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

3 Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2 Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3 Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

T Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author's Article
and/or Video.

g9 Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

1 JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

17 Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JOVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shallinclude JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13 Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14, Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JOVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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Randal Halfmann

Department:

Institution:

Stowers Institute for Medical Research
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RESPONSE TO THE EDITOR’S COMMENTS:

The editorial comments are all in-text. We found all the comments valid and useful in improving the
clarity of the manuscript. In addition to making the stipulated edits, because most researchers would
not have access to an imaging cytometer like we do, we took the opportunity to clarify the settings for
the more widely available cytometer type (non-imaging), as necessary, in the protocol. We thank the
editor for their effort; and we assure that we have addressed all their comments in the manuscript and
have tracked our changes. Overall, we are happy with the changes and believe that the method that we
have presented in this manuscript will be useful to and reproducible by the readers.
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Permissions, etc.);reprint_permissions.docx

From Molecular Cell Information for Authors (https://www.cell.com/molecular-cell/authors):
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period for green open access and deposition of the author-accepted manuscript in an institutional or subject repository is 12
months. More details about open access opticns and embargo periods for each Cell Press journal are available at
hitp:/fiwww.cell.com/rights-sharing-embargoes
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Permissions

If you want to use excerpts or images, original or adapted, from articles that you have published in a Cell Press journal, you
do not need to ask our permission. Our policy only requires that you cite the original publication

If you want to use excerpts from copyrighted work in your Cell Press submission, you must ebtain written permission from
the copyright owners and cite the original publication. For information about how to request permissien to use copyrighted
material, including work published elsewhere at Elsevier, please visit our permissions page.

If you have adapted a published figure, you may or may not need permission from the copyright owner, depending on how
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