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SUMMARY:
Here, we present a protocol to assess the labeling homogeneity for each protein species in a
complex protein sample at the single molecule level.

ABSTRACT:

Cell proteomes are often characterized using electrophoresis assays, where all species of proteins
in the cells are non-specifically labeled with a fluorescent dye and are spotted by a photodetector
following their separation. Single molecule fluorescence imaging can provide ultrasensitive
protein detection with its ability for visualizing individual fluorescent molecules. However, the
application of this powerful imaging method to electrophoresis assays is hampered by the lack
of ways to characterize the homogeneity of fluorescent labeling of each protein species across
the proteome. Here, we developed a method to evaluate the labeling homogeneity across the
proteome based on a single molecule fluorescence imaging assay. In our measurement using a
Hela cell sample, the proportion of proteins labeled with at least one dye, which we termed
‘labeling occupancy’ (LO), was determined to range from 50% to 90%, supporting the high
potential of the application of single molecule imaging to sensitive and precise proteome
analysis.

INTRODUCTION:

Proteome analysis, which aims to quantify the entire set of protein molecules expressed in the
cell, is a valuable approach in current biological and medicinal studies. This analysis commonly
relies on mass spectrometry, which identifies protein species based on spectra generated
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through protein ionization=. An alternative method for proteome analysis is electrophoresis,
including polyacrylamide gel electrophoresis (PAGE), capillary electrophoresis and two-
dimensional (2D) gel electrophoresis. This method relies on non-specific fluorescent labeling of
all the protein molecules in the analyzed cells, followed by electrophoretic separation and
detection and quantification of each protein species. To achieve the required non-specific protein
labeling, one strategy is to use fluorescent dyes that can bind to proteins via electrostatic and
hydrophobic interactions, such as Coomassie Blue and Sypro-Ruby*®. An alternative strategy is
to use covalent labeling with dyes containing N-hydroxysuccinimide (NHS) ester or maleimide,
which can covalently bind to proteins through common residues such as primary amines and
thiols, respectively”?2.

Meanwhile, the sensitivity of fluorescence detection is ideal for analyzing low-abundance
proteins and small numbers of cells. Single molecule fluorescence imaging is one of the most
sensitive methods that allows the detection of individual fluorescent dyes and labeled proteins
in vitro and in vivo®°. Application of this imaging method to electrophoresis-based proteome
analysis is expected to enable highly sensitive and quantitative assays by counting individual
fluorescently-labeled proteins. However, it remains unclear whether labeling with fluorescent
dyes is homogeneous enough across all the protein molecules, and how this homogeneity is
affected by different protein species (Figure 1). Simple bulk solution measurements can be used
to obtain a molar ratio of fluorescent dyes to proteins called ‘coupling efficiency’® or ‘labeling
efficiency’, but this property does not provide information on the homogeneity of the labeling
among protein molecules.

Here, we describe the protocol for an assay to investigate the labeling homogeneity for all protein
species in the cell (Figure 2)'. The two key steps of this assay are protein purification and
imaging. In the first step, all the proteins in the cells are fluorescently labeled and biotinylated,
then extracted separately using gel electrophoresis followed by electroelution. In the second
step, fluorescence properties of individual protein molecules in the extracted samples are
evaluated based on single molecule imaging. From this data, parameters important for the
counting analysis, such as the percentage of proteins labeled with a least one dye, which we call
labeling occupancy (LO)!®, and the average number of fluorescent dyes bound to a single protein
molecule (Aaye), can be characterized. In the protocol, an optimized procedure for labeling the
Hela cell proteome with NHS ester-based Cyanine 3 (Cy3) dye is presented as an example, and
can be modified with other labeling procedures according to desired research goals.

PROTOCOL:
1. Cell preparation

1.1. Cultivate Hela cells in a 10 cm dish at 37 °C under 5% CO; in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum.

1.2. Collect exponentially growing cells once they have reached 70% confluency, following ATCC
instructions'’.
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1.2.1. Rinse cells with 5 mL of 1x phosphate buffered saline (PBS) (pH 7.4). Remove PBS.
1.2.2. Add 1 mL of 0.1% trypsin-ethylenediaminetetraacetic acid (EDTA). Incubate 5 min at 37 °C.
1.2.3. Monitor the progression of cell dissociation by microscopy.

1.2.4. Once cells become round and are detached from the dish, add 4 mL of growth medium,
and break cell agglomeration by pipetting.

1.2.5. Count the number of cells using a cell counter.

1.2.6. Centrifuge at 150 x g for 10 min in a centrifuge tube. Remove the medium and resuspend
the cell pellet with 5 mL of 1x PBS (pH 7.4).

1.2.7. Repeat step 1.2.6. Resuspend cells in 1x PBS (pH 7.4) to a final concentration of 10° cells/mL
using the count number in step 1.2.5.

NOTE: The cell suspension can be aliquoted and stored at -80 °C for several months. Repeating a
freeze/thaw cycle should be avoided.

2. Cell lysis and fluorescent labeling

2.1. Make 10 mL of lysing buffer (0.1 M borate, 1% sodium dodecyl sulfate (SDS) and 1% Tween
20). Adjust to pH 12 using 2 M NaOH.

CAUTION: Concentrated NaOH is corrosive. Wear suitable gloves and glasses when preparing this
solution.

NOTE: Lysing buffer can be stored for up to one week at room temperature.

2.2. Mix 100 pL of lysing buffer with 1 pL of 1 M dithiothreitol (DTT) and 4 uL of 50% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS).

2.3. Mix 1 pL of the cell culture (approximately 1,000 cells) with the mixed lysing buffer from step
2.2. Homogenize the solution by slowly pipetting to avoid bubbles. Incubate in the dark at room
temperature for 5 min with gentle agitation. Re-homogenize the solution by pipetting slowly.

2.4. Add 1 pL of 2 pg/mL Cy3 NHS-ester dye. Homogenize the solution by slowly pipetting to avoid
bubbles. Incubate for 5 min in the dark at room temperature with gentle agitation.

NOTE: The high pH of this buffer causes neutralization of lysine residues in proteins, leading to a
higher reactivity.
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2.5. Repeat the addition of 1 pL of 2 pug/mL Cy3 NHS-ester dye. Homogenize the solution by slowly
pipetting to avoid bubbles. Incubate for 10 min in the dark at room temperature with gentle
agitation.

NOTE: This repeated addition of NHS-ester dye can increase the labeling efficiency because some
of the Cy3 NHS-ester dye is hydrolyzed and deactivated by the high pH of the reaction buffer.

2.6. Adjust to pH 7.2 by adding 100 pL of 0.8 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)-NaOH pH 7.2 to quench the reaction. Homogenize the solution by slowly pipetting
to avoid bubbles.

2.7. Add 20 pL of 19 mg/mL biotin-(polyethylene glycol (PEG));-amine and 5 pL of 20 mg/mL 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). Homogenize the solution by slowly
pipetting to avoid bubbles. Incubate for 1 h in the dark at room temperature with gentle
agitation.

NOTE: This biotinylation step is necessary to fix the protein molecules on a microscope coverslip
at a fixed density and with no bias for protein species.

2.8. Remove unreacted labeling reagents and concentrate the sample using an ultrafiltration
column with 10 kDa cut-off, following the manufacturer's instructions.

NOTE: The protocol can be paused here. The sample can be stored at -80 °C for several weeks.
3. Proteome separation and recovery

3.1. Add 4x SDS sample buffer (200 mM Tris-HCI pH 6.8, 4% SDS, 4% glycerol and 0.4%
bromophenol blue).

NOTE: To avoid dye damage, the protein sample should not be heated as done in standard SDS-
PAGE, and should be kept at room temperature.

3.2. Perform standard SDS-PAGE for the protein sample and a molecular ladder, using 20%
acrylamide gel. Migrate the sample in the gel at a constant voltage (160 V) until the migration
front just exits the gel.

3.3. Image the gel to identify the location of the protein bands (Figure 3).

3.4. Cut out the gel portions including protein fractions of interest using a sharp blade, based on
the band locations. Fractioning at 16, 23, 55 and 120 kDa peaks, and at 19-25, 25—-32, 3242, 42—
54, 54-69, 69-97, 97-136 and 136—226 kDa regions are shown in Figure 3.

3.5. Extract proteins using a dialyzer by electroelution with a pore size of 6—8 kDa, following the
manufacturer's instructions.
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NOTE: The extracted sample can be stored at -80 °C for several weeks.
4. Microscope coverslip preparation

4.1. Prepare 200 pL of avidin buffer (5 mM HEPES-NaOH pH 7.2, 10 ng/mL avidin and 2 mg/mL
bovine serum albumin (BSA)) for each sample.

4.2. Prepare coverslips of 22 mm x 22 mm and 0.15 mm thickness. Expose the coverslips to air
plasma using a plasma cleaner for 1 min to clean and activate their surfaces.

4.3. Coat the coverslips with avidin by spin-coating 200 pL of avidin buffer using a spin coater for
5 seconds at 500 rpm, followed by 30 seconds at 1,000 rpm. Incubate the coverslips for 15 min
at room temperature to let them dry.

4.4. Prepare coverslips for the protein sample.

4.4.1. Dilute the protein sample (from 3.5) 100 times in 5 mM HEPES-NaOH pH 7.2.

4.4.2. Place 100 pL of the diluted sample on the surface at the center of the avidin-coated
coverslip (from step 4.3).

4.4.3. Incubate in the dark for 15 min at room temperature.
4.5. Prepare the positive control.

4.5.1. Place 100 pL of 10 ng/mL purified fluorescent biotin in 5 mM HEPES-NaOH pH 7.2 at the
center of the avidin coated coverslip (from step 4.3).

4.5.2. Incubate in the dark for 15 min at room temperature.

NOTE: This positive control coverslip provides the density of avidin binding spots, which is used
to calculate the LO.

4.6. Prepare the negative control.

4.6.1. Spin-coat the plasma cleaned coverslip with 200 pL of 5 mM HEPES-NaOH and 2 mg/mL
BSA (without avidin).

4.6.2. Incubate for 15 min at room temperature to dry.
4.6.3. Add 100 pL of 10 ng/mL purified fluorescent biotin in 5 mM HEPES-NaOH pH 7.2.

4.6.4. Incubate in the dark for 15 min at room temperature.
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NOTE: This negative control coverslip provides the amount of non-specific binding of fluorescent
biotin to the coverslip without avidin.

4.7. Rinse each coverslip with 200 pL of distilled water by pipetting at the edges of the coverslip
so as not to touch the middle of the coverslip with the tip. Repeat this wash three times.

NOTE: After aspirating water on the coverslip, water should be immediately placed back on the
coverslip to prevent it from drying out completely.

4.8. Expose air plasma to the same number of coverslips as in step 4.2.

4.9. Place the cleaned coverslip on the sample-bound coverslip from step 4.7 to avoid drying.
5. Observation with single molecule fluorescence microscopy

5.1. Start up a wide-field or evanescent field fluorescence microscope.

CAUTION: Direct or scattered laser radiation can cause eye or skin damage. Wear suitable
protective goggles and shield the laser light path.

NOTE: For the microscope setup, please refer to our previous publication?®. Briefly, a wide-field
or evanescent field fluorescence microscope equipped with a high-power 488 nm laser
excitation, a high numerical aperture objective lens and a high sensitivity camera can be used for
this measurement. Further, for an automated measurement, a computer-controlled XY
translational sample stage, mechanical shutters for laser excitations and an auto-focusing system
are recommended to be installed.

5.2. Set the coverslip on the microscope and find the focus.

5.3. Perform a tile scan to obtain at least 100 images.

NOTE: The laser illumination should be controlled with mechanical shutters to be exposed to the
sample only when recording images with the camera, to minimize photobleaching. If there are
many samples, automated measurement using a computer program to control the microscope
devices is recommended. Each image typically includes 100-500 single molecule spots when
using a 60x objective lens.

6. Image analysis and extraction of information

6.1. If the image has unevenness due to the laser illumination pattern, carry out image processing
to correct it'8.
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6.1.1. Acquire a reference image by measuring with a coverslip sample consisting of uniformly-
spread dyes using a camera setting the same as in step 5.3.

6.1.2. Acquire an offset image by measuring with no laser excitation using the same camera
setting.

6.1.3. Subtract each pixel value in every sample image and the reference image with the value of
the offset image.

6.1.4. Divide each pixel value in the subtracted sample images by the value in the subtracted
reference image.

6.2. Collect properly acquired images and remove the image background.
6.2.1. Remove images containing large fluorescent aggregates manually.

6.2.2. Remove the image background by applying the rolling-ball algorithm?'® with a ball radius of
50 pixels using Imagel)®°.

6.2.3. Sharpen images by subtracting blurred images using ImagelJ (sharpen image function).
6.3. Find and analyze single molecule spots in images.
6.3.1. Identify single molecule spots with the Yen threshold algorithm?! using Image.

6.3.2. Filter spots with less than two pixels to exclude dark noise of the camera and spots more
than 20 pixels to exclude aggregations of proteins using ImageJ (ROl manager).

6.3.3. Count the number of spots in each image. Using the illumination corrected images (step
6.1.4), analyze total intensities within pixels for every spot using ImageJ.

6.4. Calculate the labeling occupancy (LO) using the following formula:

LO = (number of counts in the sample / number of counts in the positive control) x 100

6.5. Calculate the average number of fluorescent dyes bound to a single protein molecule (Agye).
6.5.1. Analyze a histogram of intensities of every spot.

NOTE: The histogram usually has several peaks, and every peak represents a different number of

dye molecules bound to a protein. The first, second and third peak in the histogram corresponds
to 1, 2 and 3 molecules, respectively.
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6.5.2. Calculate the average intensity from the histogram. Also calculate the peak intensity of the
first peak by applying a Gaussian fitting.

6.5.3. Calculate ngye by dividing the average intensity with the peak intensity.

REPRESENTATIVE RESULTS

Figure 4 represents raw image data for different molecular weight fractions of proteins from
Hela cell lysate, as well as the positive and negative control. While both the protein sample and
positive control exhibit 100-500 spots per image, the negative control displays none or a few
spots, showing that the protocol sufficiently inhibits non-specific binding of dyes to the coverslip
surface. Spot intensity histograms for the protein samples and the positive control present
multiple peaks, representing stochastic binding of dyes to primary amines in proteins and avidin
tetramer structures??, respectively. All spots showed blinking and stepwise photobleaching with
continuous laser excitation, highlighting observation at the single molecule level (Figure 5A,B).

The LO is calculated from the ratio of the number of spots in every protein sample to that in the
positive control. The LO measured from the Hela cell lysate sample ranged from 50% for the
smaller molecular weight (16 kDa) fraction to 90% for the higher molecular weight (120 kDa)
fraction and was 72% for the whole proteome sample without separation (Figure 6).
Correspondingly, Aaye tended to increase with increasing molecular weight. These increasing
tendencies are considered to occur due to higher numbers of lysine residues, leading to increased
NHS-ester dye binding. For example, the 23 kDa fraction has a high LO value because of the large
numbers of lysine residues in histone proteins contained in this fraction.

FIGURE LEGENDS

Figure 1: Effect of proteome labeling homogeneity on protein number counting. The protein
count number is highly dependent on how strongly and homogeneously protein molecules are
labeled, rather than the number ratio of proteins to dyes. The homogeneity can be scored using
a parameter termed labeling occupancy (LO), which defines the probability of labeled protein
molecules against total protein molecules. This value provides the efficiency of protein counting
(i.e., higher LO yields higher count numbers (left) and vice versa (right)). While a LO value of 100%
is ideal, LO of <100% can provide an attenuation factor for estimating absolute protein numbers.
This figure has been modified from Leclerc et al.'® Copyright 2018 American Chemical Society.

Figure 2: Assay workflow. First, coverslips (a) and (b) are treated with avidin to achieve a fixed
density. Second, fluorescently-labeled sample proteins are biotinylated and attached to the
coverslip (a) via the avidin-biotin interaction. In parallel, nearly 100% fluorescently-labeled
purified biotin is immobilized on the coverslip (b). Third, the coverslips are imaged by single-
molecule fluorescence microscopy to obtain the number and brightness distribution of
fluorescence spots. Finally, the homogeneity parameter, LO, is calculated from the ratio of spot
numbers in (a) to that in (b). This figure has been modified from Leclerc et al.’® Copyright 2018
American Chemical Society.
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Figure 3: Separation of a Hela cell proteome sample using SDS-PAGE. Fluorescently labeled and
biotinylated cell lysate were migrated on two different gels (20% acrylamide), and proteins
visualized using the gel viewer, with a 5 min and 10 min exposure time for gel 1 and gel 2,
respectively. The red boxes represent the gel regions that were cut out and extracted. This figure
has been modified from Leclerc et al.*® Copyright 2018 American Chemical Society.

Figure 4: Single molecule images of proteome samples. Fluorescence spot images (left) and
histograms of spot intensities (right) obtained from different molecular weight proteome
fractions. The scale bar is 10 um. Arrows in the positive control indicate the different labeling
step of avidin. This figure has been modified from Leclerc et al.!® Copyright 2018 American
Chemical Society.

Figure 5: Photobleaching of fluorescent spots. (A) Time-lapse images of fluorescent spots under
continuous laser excitation. (B) Time traces of fluorescence intensities at different spots. The
traces show either one- or two-step photobleaching, indicating respective numbers of dyes were
coupled to the protein in the spot of purified BSA sample. This figure has been modified from
Leclerc et al.’® Copyright 2018 American Chemical Society.

Figure 6: Labeling homogeneity of proteome samples. LO (blue) and Aaye (dark red) obtained
from different molecular weight fractions. Data are expressed as mean * s.e. 98, 46, 27, 77, 44,
39, 62, 101, 65, 62, 82, 61 and 70 images were analyzed for the whole cell lysate, 16, 23, 55, 120,
19-25, 25-32,32-42,42-54, 54—69, 69—97, 97-136 and 136-226 kDa fractions, respectively. This
figure has been modified from Leclerc et al.*® Copyright 2018 American Chemical Society.

DISCUSSION:

This paper describes a protocol to quantify the labeling homogeneity of each labeled protein
species in cells after separation with SDS-PAGE (step 3). The separation method can be
substituted with other methods such as liquid chromatography or capillary electrophoresis,
which allow separation and fractionation of cellular proteins with high resolution, while requiring
special equipment?®. The labeling method using NHS-ester in the current protocol can be
replaced with other methods using maleimide-ester or antibodies, for example.

The requirement for labeling homogeneity analysis depends on how much the labeling deviates
from a simple random process, as assumed in the coupling efficiency analysis. Our recent study'®
indicated that the NHS-ester labeling of proteins deviates from a random process depending on
the reaction conditions such as pH and detergents. We observed that some conditions induced
heterogeneity by cooperative binding of dyes to proteins or the existence of a fraction of non-
reactive proteins due to incomplete solubilization or lowered affinity for the dye. By contrast,
other conditions reduced heterogeneity by the complete binding of reactive residues within a
protein to the dye.

We consider that pH is one of the most influential factors on the labeling homogeneity. High pH
can cause neutralization of lysine residues in proteins, leading to a higher reactivity with the NHS-
ester dye. In addition, high pH can induce cell lysis and can denature proteins. However, since
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high pH makes the charge of proteins negative and is not suitable for some experiments such as
the isoelectric electrophoresis or 2D electrophoresis, the pH condition needs to be carefully
considered depending on the research purpose.

To precisely measure the labeling homogeneity in the assay, it is important to use enough
biotinylated protein sample. This is because the assay assumes that proteins bind with saturation
to every avidin molecule on the coverslip, and insufficient protein concentration results in
underestimation of LO. Our previous study® has shown that typically more than 10 pg of protein
is necessary for saturated binding, and this can be obtained from around 1,000 Hela cells?, even
after fractionation. It is recommended to create a dilution series of the protein sample to confirm
the saturation of avidin spots. We also note that the avidin density on the coverslip may need to
be optimized so as not to cause overlaps between spots in recorded images, while giving
sufficient spot numbers for statistical analysis.

This assay assumes that one tetravalent avidin molecule?? on the coverslip can bind one protein.
Indeed, the positive control data in our previous study indicated that one avidin molecule can
bind to up to four fluorescently labeled biotins, but the majority (55%) of avidin molecules bind
only one or two biotin molecules. Because proteins are larger than biotin, their steric effects
should result in fewer proteins bound to one avidin. Our assumption is further supported by the
fact that Aaye remains constant when measuring mixed samples of labeled and unlabeled proteins
at different ratios®®.

Depending on the protein species, unspecific binding of proteins to the coverslip might occur
significantly even with a BSA coating. If this is the case, one option may be to measure a control
where biotinylated proteins are coated on the coverslip without avidin, instead of fluorescent
biotin at step 4.6.3. The effect of the unspecific binding on LO can be mathematically eliminated
by subtracting the number of spots of this control from that of the protein sample.

This protocol will be invaluable for proteome-wide single-molecule protein counting analyses.
The single molecule sensitivity will allow analysis of protein amounts for every protein species
irrespective of their abundance in the cell®>. This could be realized by proteome separation
followed by quantification of the number of fluorescence spots coupled with proteins. Further,
the high sensitivity will also allow single cell analysis, enabling researchers to examine
heterogeneity across cell populations and to do clustering of cellular states?>26,
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22x22x0.15 mm coverslip
488 nm Argon laser

488 nm dichroic mirror
488 nm emission filter
560 nm dichroic filter
560 nm emission filter

560 nm fiber laser
60x oil immersion lens
Avidin

Biotin-PEG-amine
Biotinylated Alexa Fluor 488
Borate

BSA

CHAPS

Cy3 NHS-ester dye

Dialyzer - D-tube, 6-8 kDa
DMEM

DTT

EDC

EMCCD camera

Epi fluorescence microscope
Gel viewer

Penicillin, streptomycine and
Amphoterecin mix

Plasma cleaner

SDS

Size purification column 10K
Tween 20

Company

VWR

Coherent
Semrock
Semrock
Semrock
Semrock

MBP
Communications
Olympus
Nacalai-tesque

Thermo Scientific
Nanocs
Nacalai-tesque
Sigma-Aldrich
Dojindo

GE Healthcare
Merck Millipore
Sigma-Aldrich
Nacalai-tesque
Nacalai-tesque
Andor

Olympus

GE Healthcare

Gibco

Diener Electronic
Wako

Merck Millipore
Sigma-Aldrich

Catalog Number

470019-004
Innova 70C
FF495-Di03
FF02-520/28
Di02-R561
FF02-617/73

F-04306-2
PLAPON 60x
03553-64

21346

A9547
C008-10
PA13101
71507-M

14112-94

liXon 897
IX81
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NC0792960
UFC5010
P9416
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Author({s}):

. _]

| Simon bedeve, Mours Amtz, Yaldi Tenigud

ltem 1 {check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/author) via: @ Standard Access E—E Open Access

[tem 2 (check one box):

v *
The Author is NOT a United States government employee.

D The 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.

B The 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 VIDEQ LICENSE AGREEMENT

1. 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 cor 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  Cemmercial-No  Derivs 3.0  Unported
Agreement, the tarms and conditions of which can be found
at: http://creativecommons.org/licenses/b\;r-nc-
nd/3.0/legalcode; “Berivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing warks, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproductian, 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 corparation 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 cr in
collabaration with the Author or any other parties,
incorparating all or any portion of the Article, and in which the
Author may or may not appear.

612542.6

2. Background. The Auther, whao 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 memoerialize 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 Authcor hereby grants to loVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual {for the fuli term of copyright in the Article,
including any extensions thereto} license (a} to publish,
reproduce, distribute, display and stare the Article in all forms,
formats and media whether now known or hereafter
develeped (including without limitation in print, digital and
electronic form) throughout the world, (k) to translate the
Article into other languages, create adaptations, summartes or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on zll
or any portion of the Article and exercise all of the rights set
forth in (a} above in such ftranslations, 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. [f the “Open
Access” box has been checked in {tem 1 above, IoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to alf limitations and reguirements
set forth in, the CRC License.
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4. Retention of Righis in Article. Notwithstanding the
exclusive license grantad to JoVE in Section 3 above, the
Authar 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 fink to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Aricle 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 Acgess. This Section 5
applies if the “Standard Access” box has been checked in ltem
1 above or if na box has heen checked in Item 1 above, In
consideration of !oVE 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, it 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 ar to the Video, the Author hereby disclaims
all such rights and transfers all such rights to laVE.

6. Grant of Rights in Video — Cpen Access. This Section 6
applies only if the “Open Access” box has been checked in
ftem 1 ahcve. 1n 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 thereta) license (a} to publish,
repreduce, 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 fanguages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Woarks 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, Derivativa Works or
Collective Warks and (¢} to license athers to de 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 maodifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Secticn & is applicable, loVE and
the Author hereby grant to the public all such rights in the
Videe as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Emplovees. If the Author Is a United States
government emgployee 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.5.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in canflict 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. Likeness, Privacy, Perschality. The Author hereby granis
foVE the right to use the Author's name, voice, likeness,
picture, phaotograph, 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 fo the Materials, under all appticable
privacy, likeness, personality or similar laws.

9. Auther 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
ane 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 authar has not entered into a separate Article and
Video License Agreement with laVE 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 cn 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 wuse, reproduction, distribution, public or private
perfarmance or display, and/or modification of all or any
portion of the Materfals 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,
taboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulaticns, laws, procedures or
guidelines, appticable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review hoard.

10. JaVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Auther
shall ensure that the presence of JoVE employees, agents or
independent contractars is in accordance with the relevant
regulations of the Author's institution. If more than one
author is fisted at the beginning of this Agreement, JcVE may,
in its sole 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 absclute and sole
discretion and without giving any reason therefore, to accept
or decline any wark submitted to JoVE. IoVE and iis
employees, agents and independent contractors shall have
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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. loVE has sole discration as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
fitming, timing of publication, if any, length, guality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successars 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 Authar further agrees to indemnify and
hald 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
centained herein or from allegations or instances of violation
of intellectual property rights, damage to the Authcr's or the
Author’s Institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, properiy 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 hy JoVE, or publication in
JoVE or elsewhere by JoVE. The Authcr shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to 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

ARTICLE AND VIDEO LICENSE AGREEMENT

expense, All indemnifications provided herein shall include
JoVE's attorney’'s fees and costs related to said losses ar
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of loVE, its employees, agents or
independent contractars.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or preduction
decision, these funds will be returned to the Author
Withdrawal by the Author of any submitted Materials after
final peer review app}oval will result in a US51,200 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.

i3, - Transfer, Governing law. This Agreement may be
assighed 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 electrenic
fransmission shali 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 required per submission.
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Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the loVE submission site;

2} Fax the document to +1.866.381.2236;

3} Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
reviewer.docx

Editorial comments:

Changes to be made by the author(s) regarding the manuscript:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

Thank you for the suggestion. The manuscript has now been checked using proofreading services, so
we believe that there are no spelling/grammar issues.

2. Please revise lines 209-226 to avoid previously published text.

To address this issue, we have revised the discussion section, so as not to include the same sentences
as in the previous publication.

3. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit
permission can be expressed in the form of a letter from the editor or a link to the editorial policy that
allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account.
The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from
[citation].”

We have uploaded the copyright permission obtained via the Copyright Clearance Center. We have
also revised the figure legends to include the phrase “This figure has been modified from”, followed by
the citation information.

4. Please provide an email address for each author.

The email address for each author is:
- leclerc@uthscsa.edu (Simon Leclerc)
- youri.arntz@unistra.fr (Youri Arntz)
- taniguchi@riken.jp (Yuichi Taniguchi)

5. Please add a Summary section before the Abstract to clearly describe the protocol and its
applications in complete sentences between 10-50 words: “Here, we present a protocol to ...”

We have added a Summary section:
“Here, we present a protocol to assess the labeling homogeneity for each protein species in a complex
protein sample at the single molecule level.”

6. Please define all abbreviations (DTT, CHAPS, EDC, etc.) before use.

We have added definitions for the abbreviations in the main text, including FBS, PBS, EDTA, SDS,
DTT, CHAPS, HEPES, PEG and EDC.

7. Please revise the protocol to contain only action items that direct the reader to do something (e.qg.,
“Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete
sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be”
throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a
“‘Note.” Please include all safety procedures and use of hoods, etc. However, notes should be used
sparingly and actions should be described in the imperative tense wherever possible. Please move the
discussion about the protocol to the Discussion.
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Thank you for the suggestion. We have revised the protocol to include only the imperative tense. Text
that cannot be written in the imperative tense was moved to a “Note” or the discussion section. We have
also described all safety procedures in the text, including laser safety.

8. Please add more details to your protocol steps. There should be enough detail in each step to
supplement the actions seen in the video so that viewers can easily replicate the protocol. Please
ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add references to

published material specifying how to perform the protocol action. See examples below.

We revised descriptions for cell collection (step 1.2) by providing a reference and details with multiple
steps. We also provided further details for image analysis (step 6).

9. 1.2: Please specify centrifugation parameters (force in x g and time) as well as reaction conditions of
trypsinization.

We added centrifugation parameters in step 1.2.6. We also described the reaction conditions of
trypsinization in step 1.2.2.

10. 2.4: Please describe how to homogenize the solution.

We added the description “by slowly pipetting to avoid bubbles” to step 2.4. We also added the same
description to steps 2.5, 2.6 and 2.7.

11. 3.1: Please provide the composition of SDS sample buffer.

We have added the composition of SDS sample buffer (200 mM Tris-HCI pH 6.8, 4% SDS, 4%
glycerol and 0.4% bromophenol blue) to step 3.1.

12. 3.4: Please specify specific protein bands selected in this protocol.

We have noted the band information in step 3.4.

13. Please include single-line spaces between all paragraphs, headings, steps, etc.

We have added single-line spaces in the revised manuscript.

14. After you have made all the recommended changes to your protocol (listed above), please highlight
2.75 pages or less of the Protocol (including headings and spacing) that identifies the essential steps
of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of
the Protocol.

We have highlighted essential steps of the protocol in yellow.

15. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted
part of the step includes at least one action that is written in imperative tense.

16. Please include all relevant details that are required to perform the step in the highlighting. For
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given in

steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted.

We have adhered to the above points regarding the highlighting.



17. Discussion: As we are a methods journal, please also discuss critical steps within the protocol, any
modifications and troubleshooting of the technique, and any limitations of the technique.

We have discussed critical steps in the protocol in the Discussion section. Particularly, we consider the
avidin and biotinylated protein glass coating step to be critical, so we created a new paragraph to
discuss this (the paragraph starting from “To precisely measure”).

18. Table of Equipment and Materials: Please sort the items in alphabetical order according to the Name
of Material/ Equipment.

We have sorted the items in alphabetical order in the Table of Equipment and Materials.

Reviewers' comments:

Reviewer #1.:

Manuscript Summary:

The manuscript is basically a short version of a recently published paper by the authors in
bioconjugation chemistry, with all figures taken from this publication (with reference and copyright
statement).

The authors describe a method that allows for the analyses of the efficiency and homogeneity of
fluorescent labelling of proteins samples and apply the technique to HELA lysates. It describes an initial
step of Cy3 labelling of the protein sample (the labeling whose efficiency will be analyzed). Next they
label the protein sample with Biotin. This will allow the protein sample to bind to a avidin labeled
microscope slide later in the protocol. Once labelled, the proteins sample is separated using SDS-
PAGE, electro-eluted, and spotted on a microscope slide that is coated with avidin. Next, sample can
be analyses by fluorescent microscope. Since this procedure produces individual spots, that according
to the authors represent single molecules, for each spot the intensity can be determines, which should
be step-wise increase depending on how many fluorophores have been conjugated onto that individual
molecule. Besides the ability to determine the average number of fluorophores attached, the authors
can also determine how many of the molecules have been labelled by comparing the number of
fluorescent spots with a positive control that is 100% labeled. Here the assumption is that the number
of avidin spots on each slide is identical, so no fluorescent spots are occupied by Biotin-labeled protein
that lacks fluorophore label.

Overall, the technique is interesting and valuable, as | think it is important for researchers to know what
fraction of their proteins is labeled. That said, some sections were thin on their description, which might
be addressed in the video production and maybe a good reason to warrant a video protocol as | cannot
readily envision from my experimental background what or how it takes place ( e.g.line 130 up air
plasma and microscope slide treatment).

Major Concerns:

-The third lane in figure 2 is identical to others, but shifted. One band visible is all three lanes is labeled
55 kDa in lane 2 and in lane three it is at the top of a molecular range section that spans from 54-69,
suggesting it is 69 kDa. This is impossible and something is wrongly assigned.

We thank the reviewer for this important point. We agree that the 55 kDa band was wrongly assigned.
We have corrected the indication of the 55 kDa band in the figure.

-Some discussion of limitations or some key potential pitfalls would be valuable.

-Technically | was not completely sure on what limits the spots on the slide, is there limited avidin, or is
the protein concentration so low that there is only limited binding? | saw the supplement of the original
paper has some titration curve, where depending on the protein concentration the binding plateau's.



Also, doesn't avidin bind 4 biotin molecules, leaving the potential for four molecules at a spot instead of
one? As the protocol is published and the current version has limited technical details, | did not dive
into a full critical analyses here, but more general | think the manuscript would benefit from discussion
of some potential pitfalls or points of caution. Comparing a variety of very different conditions with a
very different independent positive control can be tricky and | was wondering how crucial are accurate
protein concentration measurements etc. There seems to be potential for misleading result sin certain
steps are not carefully executed at the right concentration. Some discussion or clarification here would
be valuable.

Thank you for the useful suggestions. Although some of these questions were discussed in the original
paper, we agree that it is important to cover them in this manuscript. As the referee may expect, the
spot number is limited by the number of avidin molecules attached to the slide, because subsequent
binding of proteins to avidin is saturated. Therefore, in our assay, it is important to use a sufficient
guantity of biotinylated protein sample, and too little sample results in underestimation of LO. The avidin
density on the slide has been optimized to provide sufficient spot numbers for statistical analysis with
no overlaps between spots in images.

As for the avidin binding site issue, as the referee argued, this assay assumes that one tetravalent
avidin molecule on the coverslip can bind one protein. Indeed, the positive control data in our previous
study (Leclerc et al., 2018) indicated that one avidin molecule can bind to up to four fluorescently labeled
biotin molecules, but the majority (55%) of avidin molecules bind only one or two biotin molecules.
Because proteins are larger than biotin, their steric effects should result in fewer proteins bound to one
avidin molecule. Our assumption is further supported by the observation in the previous study that naye
remains constant when measuring mixed samples of labeled and unlabeled proteins at different ratios.
We added these arguments to the Discussion section (the paragraphs starting with “To precisely
measure” and “This assay assumes”).

Minor Concerns:
-How do authors know that positive control is truly 100% labelled?
-Is the biotin labelling 100%? Probably does that not matter as long as there is no bias in the labelling?

We referred to this as “100% labeled” because the product was created through chemical purifications
following biotin conjugation reactions. In fact, the company assures at least 95% purity
(http://www.nanocs.com/PEG/BPEG.htm). To avoid confusion, we have changed “100%” to “nearly
100%".

-The authors in the original manuscript show a nice overview cartoon in figure 2 that would be a helpful
overall picture of the protocol.

We agree with the reviewer. We have included the overview cartoon as a new Figure 2.
-Especially for a methods story care should be taken to clear and accurate description. Eg. Line 81. It
is ambiguous if samples should be stored as pellet or as PBS resuspended sample. | assume pellet,

but better to be clearly stated. Line 114 incubate at RT?

We agree that some descriptions were ambiguous. In Line 81, PBS resuspended sample was aliquoted.
In Line 114, the sample was kept at room temperature. We have revised these descriptions.

-There seems to be only limited discussion on alternative ways people have addressed this, what other
approaches have people used?

Thank you for the suggestion. In our protocol, the protein separation step with SDS-PAGE can be
substituted with other methods such as liquid chromatography or capillary electrophoresis. In addition,



the labeling method using NHS-ester can be replaced with other methods using maleimide-ester or
antibodies. We have added these alternatives to the discussion section (the paragraph starting with
“This paper describes”).

-Many awkward or unusual English sentence constructions are used, need to be editing, e.g. line 111
The protocol can terminate here.

This version of the manuscript has been proofread by a commercial English editing service (Life Science
Editors, https://lifescienceeditors.com/).

-Title is hard to read.

We changed the title to "Proteome-wide quantification of labeling homogeneity at the single molecule
level”.

Original: Proteome-wide labeling homogeneity of a complex protein sample at the single molecule level
-Line 47 is CB a fluorescent dye?

Coomassie blue (CB) is indeed more often used as a visible dye, but it can also be used as a fluorescent
dye. We added an additional reference demonstrating this (Butt and Coorssen, 2013).

-section 6 is important for the protocol as it is the key analyses of the data, but rather limited in its
description.

We have added descriptions for the image analysis in section 6. In particular, we have added
descriptions for laser pattern correction (step 6.1) and derivation of naye (Step 6.5), and image analysis
parameters for background subtraction (step 6.2) and spot filtering (step 6.3).

Reviewer #2:

Manuscript Summary:

The authors describe a method to determine labeling homogeneity of nonspecific labels across proteins
in biological samples. Such labels are used for detection in SD gel electrophoresis based assays, but
labeling efficiency has typically been determined at the bulk level. This method enables labeling
heterogeneity to be determined. This work should be of interest to those performing labeling studies of
proteins.

Major Concerns:
None

Minor Concerns:

-The authors state on Line 38 that "Proteome analysis, which quantifies the entire set of protein
molecules expressed in the cell, is a demanded approach in current biological and medicinal studies."
In fact, proteomic analyses never quantify the entire set of proteins despite efforts to do so. We only
ever guantify a fraction of the ~20000 expressed proteins. This should be corrected.

We agree with the reviewer. We have changed the expression “which quantifies the entire set” to “which
aims to quantify the entire set”.

-Mass spectroscopy on Line 40 should be changed to mass spectrometry.

Thank you for the suggestion. The word has been corrected.
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-The rest of the manuscript is in need of some copy editing.

This version of the manuscript was copy-edited using a professional proofreading service.
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