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Biology : what a noisy process!

The central dogma has been first described by Francis Crick in 1958 and re-stated in 1970
and is the following (F. H. Crick 1958; F. Crick 1970):

“The central dogma of molecular biology deals with the detailed residue-by-residue transfer
of sequential information. It states that such information cannot be transferred back from

protein to either protein or nucleic acid.”

The DNA replication, the transcription of the RNA and the translation of the RNA in protein is
the normal way of gene expression and protein production (Figure 1). In some case involving
virus, it is possible to pass from the RNA to the DNA and to replicate RNA from RNA (Temin
and Mizutani 1970; Baltimore et al. 1963). In a very specific case, it is also possible to
directly translate a protein from DNA (McCarthy and Holland 1965). However, it is not
possible to obtain a ribonucleic sequence of the protein from the protein. The self-replication
of a protein is not possible, even in the case of prions, because they do not replicate
themselves, but replicate their information by modifying the spatial conformation of a strictly
similar protein (Ridley 2001). A primary concern of the replication of information is the

interaction probability between elements.

Figure 1: Central dogma in molecular
biology. The information is contained on
—» Normal polymer of ribonucleic acid (DNA and RNA)
“rPossble - or amino-acid (protein). It can circulate from

— Impossible

DNA to RNA to protein in a normal cell
(black line), while some special organism or
condition can permit to transfer the RNA
information to DNA or the DNA to the protein
level (blue line). Normal cell is able to

RNA‘ P“"e'“ replicate their DNA, while some virus can
also replicate their RNA. The end product,
the protein, is not able to transfer its
information to another level neither self-

replicate (red lines). Reproduces from (F. Crick 1970)

The probability of two chemicals to interact together is dependent of the volume where they
are evolving, with smaller volume increase this probability, other chemical presence and

concentration, that can prevent interaction, and other physical factors like for example their
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relative speed, orientation, and interactions methods, each one impacting the interaction
probability (Milo 2013). For example, the interaction probability of two highly expressed
proteins will be high, like the interaction cofilin-actin (Yeoh et al. 2002), while the interaction
probability of a low express regulator with its target will be low, like the treslin (Kumagai et al.
2010). These purely chemical and physical stochastic events will lead to fluctuations in the
response of a cell to a stimulus, also called ‘noise’ (Figure 2-A), creating variation in the
rates of mRNA transcription and protein translation from the central dogma. Thus, a
genetically identical cell population can exhibit an important heterogeneity, with different cells
having different copy numbers of mRNA or protein. Such variability in gene expression can
lead to diverse phenotypes and affect a wide range of cellular function, including
development, homeostasis and disease progression (Eldar and Elowitz 2010). These
variabilities are based on three concepts that are the burst size, the time averaging and the
propagation (Figure 2-B). For the burst size, most proteins are not produced uniformly over
time, but during the event of intense transcription that happens stochastically. This is both
because the gene promoter can switch in ‘on’ or ‘off’ state, resulting in the sudden production
of mRNA, and that each mRNA can be recognized by multiple ribosomes for translation,
resulting in a sudden increase in the production of protein (Raj et al. 2006; Newman et al.
2006). The time averaging occurs when the protein lifetime is longer than the interval of time
between production bursts, resulting in the accumulation of proteins over time that tends to
buffer the burst expression. The propagation can be explained by some genes expression
rates influenced by the levels and state of transcription factors that are themselves subject to
bursting and time averaging, resulting in the propagation of the burst to the downstream
genes (Sigal et al. 2006; Yu et al. 2006).
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Figure 2: Stochastic gene expression
process. (A) Gene expression of
g fluorescent genes in E.coli (left),
B.subtilis (center) and EM stem cells
(right) displaying change of expression
across the cell population. (B) Three

Burstin .

il = _gi, , -._ processes explaining the gene
< expression stochasticity, with a bursty
T M r ﬂ ( ‘” h J /l' mRNA production (top), and time

% 1 2 3 1 5 average effect if the protein lifetime is

el Ll long enough (center) and the
§100) propagation of the burst to downstream
2 5o mRNA (bottom). Figure is extract from

% i 2 3 4 5 (Eldar and Elowitz 2010).

20 Propagation

Target mRNA
S

0 1 2 3 4 5
Time (cell cycles)

Stochastic precision

Understanding the cause and consequences of variability in gene expression requires
accurate quantification of mMRNA and protein at the single cell level. Counting mRNA
molecules in single cells is commonly performed in laboratories thanks to the combination of
single cell manipulation device and next-generation sequencing, even if low express mRNA
are not captured by this technique (Kharchenko, Silberstein, and Scadden 2014). In contrast,
counting protein molecules in single cells is much more challenging. Existing techniques
require genetic manipulation, antibody or sophisticated devices and often yield relative levels
of protein abundance (A. J. Hughes et al. 2014; Shi et al. 2012; Taniguchi et al. 2010;
Albayrak et al. 2016; Darmanis et al. 2016).

Single cell protein expression analysis is routinely used by fluorescent-activated cell sorting
(FACS) to analyze and sort viable cells based on six or more cell protein surface markers
and is useful to purify cellular phenotypes for subsequent analysis (Herzenberg et al. 2002).
In addition to this, recent techniques permit to investigate new aspects for single cell
analysis (Table 1). One of them is the single cell western blot (scWesterns) that use a
combination of single-cell isolation and protein migration together with protein capture to
allow the sequential detection of up to twelve proteins in arrays of thousands of cells (A. J.

Hughes et al. 2014). The mass cytometry (CyTOF) can assay around thirty proteins by
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detecting protein using mass-tag labeled antibody (Irish et al. 2004), while microfluidic
platform allows the detection of up to forty secreted proteins by the use of barcode antibody
(Cai, Friedman, and Xie 2006; Shi et al. 2012). If these techniques permit to analyze the
protein expression of a single cell, the quantitative aspect is at most relative and generally

fails to detect lowly expressed proteins that are present in only a few copies.

Technique Detection method Comments
FACS Staining with fluorophore labeled | Standard technique for cell sorting
antibodies High throughput (10000 cells/min)

Viable cells after analysis
Up to 12 multiplex protein detection

CyTOF Staining fixed cells with mass-|Can analyse cytoplasmic protein
tag labelled antibodies Work on fixed cell and tissue
Up to 30 multiplex protein detection

Single cell| Spatially encoded antibody array | Small sample (100-1000 cells)
barcode chip for fluorescent immunoassays of | Up to 40 multiplex protein detection
secreted proteins or analytes
released from lysed cells

scWesterns Miniaturized, automated western| Small sample (100-1000 cells)
blotting on a microchip Rough estimation of target protein size
Up to 12 multiplex protein detection

Table 1: Single cell analysis tools for protein studies

New from old : single protein detection

The ultimate limit in sensitivity for protein concentration measurement is the detection and
counting of single molecule proteins in a single cell. Different techniques permit to do this,
that can be separated in three different categories, the label-free detection by UV or
nanopore, specific detection by the use of antibody and detection by fusion with a

fluorescent protein. We will briefly describe these techniques in the following paragraphs.

In proteins, the three aromatic amino acid residues tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) contribute the most to the protein intrinsic fluorescence when excited in
the ultraviolet region of 260-280 nm (Lakowicz 2006). By using a deep UV laser-based
fluorescence lifetime microscopy system, Li et Seeger (Li and Seeger 2006) studied the
native fluorescence decay and photon bursts of single B-Galactosidase protein from
Escherichia-coli in aqueous solution by a time-correlated single-photon counting method.

The average number of B-Galactosidase protein molecules in the detection volume obtained
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from fluorescence correlation spectroscopy measurements proves that they observe single-

molecule events, allowing single protein counting (Figure 3)

A 15
10
5

O,
B 15

%10—:
o 5

0 . i sibis im0 i m
C 157

10—_
5
0
0 1 2 3 4 5
Time (s)

Figure 3: Single protein detection by deep UV fluorescence. (A) Fluorescence photon burst
event of single B-Galactosidase in 1x10-11 mol/L solution. (B) Fluorescence photon burst
event of single B-Galactosidase in 5x10-12 mol/L solution. (C) Fluorescence photon burst of
PBS. Data from (Li and Seeger 2006).

The solid-state nanopore is promising in term of protein detection and identification. This
technology already permits to count single protein passing through the nanopore by
measuring the current blockade, even if the volume of measure is limited to the close
proximity of the membrane (Figure 4) (Nelson et al. 2012). The big advantage of the
nanopore is their ability to determine the sequence of the linearized protein by identifying the
type of amino acid residues by measuring the nano to picoampere variation in the current
intensity during the passage of the protein through the nanopore (Kolmogorov et al. 2017;
Kennedy et al. 2016). This technique is theoretically able to identify up to 3000 different
proteins with post-translational modification like phosphorylation and can lead to new protein

identification in addition to the counting capacity.

; Figure 4: Single protein detection by nanopore.
o 041 (A) Current blockade ratio when 10 is 217 pA.
- s; The peak show the passage of a single CCL5
' T —— protein. (B) Schematic of the translocation of a

0 10 20 70 80 90 140 220
Time (ms) protein through a nanopore. Denaturing agents
impart a uniform negative charge to the protein,
8 resulting in a rod-like structure. (C) Heat maps
' that characterize the distribution of the
) blockades that are associated with denatured

T e H3N and H3A. Data from (Kennedy et al.
Tms ‘WOOms 10ps Tms 100 ms 2016)

At At



https://paperpile.com/c/tUTvLF/NcT9+R3qo
https://paperpile.com/c/tUTvLF/NcT9+R3qo
https://paperpile.com/c/tUTvLF/iMFi

Introduction-New from old : single protein detection

If the previous techniques allow to indiscriminately detect single molecule protein by using
physical properties, another method is to recognize and identify a specific protein by the use
of a specific antibody. This method is already used for single cell analysis (Table 1), and
even with the possible lack of sensitivity or specificity of antibodies, are commonly used for

protein relative quantification and single protein counting.

One of the most mature and automatized technique for single protein counting is the single
molecule array (SiMoA), that is commercialized by Quanterix. This technique allows the
detection and counting of single molecule based on an ELISA like assay, where an antibody
fixed to a bead recognized the protein of interest, the prostate-specific antigen (PSA) here,
then the second biotinylated antibody, that detects the PSA on another epitope, is
recognized by a streptavidin fused to the B-Galactosidase, permitting the visualization of the
PSA after adding the substrate IPTG. The innovation of this method is to use femto-volume
wells array that isolate each beads, allowing the reaction to occur in a very small volume,
increasing the sensitivity from 1072 mol/L from classical ELISA test to 10"-10"° mol/L
(Figure 5) (Rissin et al. 2010; Rissin and Walt 2006; Schubert et al. 2016). However, there
are certain drawbacks associated with this technique like the Poisson law’s limits. This law
statutes that since a bead is covered by multiple antibodies, it is possible for multiple
antigens to react with it, resulting in a false estimation in the number of protein. This
parameter can be controlled by counting the number of protein in the array, if the count is too
high, it is likely that they are more than one antigen by beads, and adjusting the dilution of

the antigen permits to solve this trouble.

A Magnetic beads Arfigen Figure 5: Single molecule array
; principle. (A) Principle of SiMoA

L —P i ’ 4$reptavidm+B_Galacmsi e 3SSY, antigen is detected by an

Capture antibody Detection antibody + biotin ant/body sandwich and isolated in
Losaling o Enzyme substrate microwell to allow their detection. (B)

Fluprescsaosiimeging Array visualization with single -
Galactosidase protein at different
concentration (7x10" and 107° M).

o B (C) PSA protein number in single cell
% . L from two cell type (left) and
S 1078 L ~  corresponding histogram (right). Data
< 10°] ]L i from (Rissin et al. 2010; Schubert et
o .
3 " — al. 2016).

LNCaP, LNCaPg 0 5101520
Count

10
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Amplifying the signal given by the detection of a single molecule protein allows a more
sensible identification. The proximity ligation assay (PLA) is a technique used to detect
single molecule protein in situ that is based on antibody reaction, with the hypothesis that
two proteins with DNA linker can permit a hybridization between the two DNA linker, creating
a template for PCR reaction (Soderberg et al. 2006). Combined with micro-droplet
technology, it has been successfully used for single protein counting in a single cell
(Albayrak et al. 2016). After PLA completion, proteins are digested by a protease, and the
double-stranded DNA resulting of the PLA is emulsified at dilution limit to form thousands of
droplets with one or zero DNA inside. The DNA is then amplified by PCR and detected by a
dye, where positive droplet corresponds theoretically to a single protein detection event.
However, the PLA is not an assay that can be used for investigation of a lot of different
protein, since it is necessary to use two antibodies that can recognize different epitope of the
same protein that is spatially close enough to realize the DNA hybridization, making difficult

to be sure about the absolute counting of a protein (Figure 6).

Figure 6: Proximity ligation assay. (A)

A

= Principle. A isolated single cell is lysate, PLA is
5 = =" realized on the target protein, then the result
Single cell sorting Proximity Ligation Droplet digital DNA s isolated by limited dilution droplet then
aadiysis . assay FCR " detected by PCR amplification. (B) Typical
mgé 7 droplet results. The green droplets possess
o +4 # the amplify DNA. (C) CD147 protein level in
gg ’. ’.."".’:’."‘." 4 *"g’;} hundreds of individual cell. Data from (Lin and

Spiadiinde % L Elowitz 2016).

0 20 40 60 80 100 120 140
Single cells

Manipulating a single cell can be tedious, especially when it is also necessary to perform
analysis on the single cell lysate. The dilution of the cell content makes also more difficult to
analyzed and detected single molecule protein, especially for low abundance one. The cell
manipulation by microfluidic permits to avoid its content dilution, but also lysis, labeling of the
protein of interest and electrophoresis capillary migration for protein separation (Figure 7)
(Huang et al. 2007; Willison and Klug 2013). The microfluidic also allows the use of
microscopy, permitting the visualization of a single fluorescent molecule for single protein
counting. The single protein counting is realized by narrowing the electrophoresis channel to
a volume small enough to be recorded by a wide field high sensitivity microscope, and the

number of photon bursts detected is assimilated to the number of protein.

11
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Figure 7: Single protein counting in microfluidic.
(A) Microfluidic reactor photography. A single
cell can be isolated, lysed and protein labeled
in the reaction chamber (left), then the content
migrate up to the detection area (right). (B)
Detection and counting of single protein

Ro .cion P@SSING in front of the detector. Data from
SR 55 curain  (Huang et al. 2007).

A Separation buffer Lysis buffer
-—&a r—{EJ U”h

= g 'a_, >
o,

Like said previously, the majority of techniques use an antibody to detect and label the
protein of interest. It is also possible to observe single protein by high sensitivity microscopy,
after fusion of the protein of interest with a fluorescent protein. To count fluorescent fused
protein, different methods can be used, like the photo-bleaching process, the calibration
curve technique or the super-resolution microscopy (Nino et al. 2017; Coffman and Wu
2012; Verdaasdonk, Lawrimore, and Bloom 2014).

The photo-bleaching captures the irreversible photo-bleaching of fluorophores fused to the
protein of interest at single-molecule resolution, with a limit in the number of steps that can
be measured, ranging from 5-7 to 15 steps depending on the condition (Figure 8-A).
Different kind of protein complex has been investigated by this method, including various
membrane-bound channels and receptors (Coffman et al. 2011; Leake et al. 2006; Ulbrich
and Isacoff 2007).

The calibration curve works by building a standard curve relating fluorescence intensity to
the number of molecules through careful and consistent measurement of fluorescence
intensity of one or more fluorescence standard. This method is powerful to quantify a protein
in a variety of systems that do not require highly specialized equipment, even if it requires
rigorous calibration for precise quantification (Figure 8-B). This method has been
successfully used for the quantification of y-tubulin ring and cytokinesis for example
(Erlemann et al. 2012; Wu and Pollard 2005).

Super-resolved localization microscopy, which includes techniques such as PALM and
dSTORM, can produce images of structural detail an order-of-magnitude finer than
diffraction-limited techniques. The method relies on precisely localizing the spatial position of
a single, fluorescent label attached to a target molecule. This typically requires the use of
photo-convertible or photo-activatable fluorophores that can be induced to blink in such a
way that only a random subset of the labels are visible during each frame. For a sufficiently

sparse image, each diffraction-limited spot should be sufficiently well separated, and the

12
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Introduction-New from old : single protein detection

subset of fluorophores may be localized with a precision that scales like 1/\/P, where P is the
mean number of photons collected from a single blink of a fluorophore (Figure 8-C). Tens of
thousands of frames are typically acquired, the spatial coordinates of each fluorophore within
each frame extracted, and the resulting data from the stack rendered into a final image(Nino
et al. 2017; Thompson, Lew, and Moerner 2012). This technique has permitted to resolve
individual actin filaments in cells that revealed two vertically separated layers of actin
networks with distinct structural organizations in sheet-like cell protrusions (Xu, Babcock,
and Zhuang 2012).

Figure 8: Fluorescent protein
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assuming that it is really a single
molecule (middle and right). Image extract from (Coffman and Wu 2012).

Achieving ultimate sensitivity

If a lot of technique permits to visualize single molecule protein, visualizing a full proteome at
single molecule level is a lot more challenging. Nowadays, the most popular and used
technique for proteomics is the mass spectroscopy, that has the advantage to be label-free
and quick to realize (Yates, Ruse, and Nakorchevsky 2009). However, despite recent
improvement, the mass spectroscopy still not able to achieve single cell sensitivity, even less
single molecule. To reach the ultimate sensitivity, or the molecule counting level,
fluorescence microscopy is actually the most successful tool, especially by using fluorescent
fused protein library that has been successfully used to achieve this objective. In Taniguchi
et al., they used Yellow Fluorescent Protein (YFP) gene fused with 1018 E.coli gene in as
many strain. To speed up the screening process, they used a microfluidic chip that allows the

microscope observation of thousands of cell in seconds, and the single protein level was
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Introduction-Achieving ultimate sensitivity

achieved using the calibration curve technique (Taniguchi et al. 2010). Using a similar
microfluidic device, yeast proteome has been investigated using a Saccharomyces
cerevisiae Green Fluorescent Protein (GFP) library. This library is composed of 4159 genes
fused with GFP in as many strains, and have been used to study the osmotic stress
response (Chong et al. 2015). Additionally, it has recently been used to study the proteome
dynamics of yeast and protein localization (Zhang et al. 2017). If fluorescent protein libraries
are an acceptable method to investigate the whole proteome, it is lacking in the capacity for
looking at the proteome of a cell at the same time, and make it difficult to visualize multiple

protein expression or activation changes in the proteome.

To resolve this issue, one solution is to label the whole proteome unspecifically with a
fluorescent probe that will allow single molecule detection. By doing that, we will be unable
to identify the protein composing the proteome. To still have an idea about the protein
identity, separating the proteins by a physical factor like their mass or their charge will allow
a certain degree of discretization and generate a proteome profile. The first part of this thesis
will describe the method to label the whole proteome. To investigate this, it will be necessary
to develop a test that allows the measurement of the labeling efficiency at the single-
molecule level. Once this measure has been fully determined, the protein labeling protocol is
investigated using a purified test protein. Finally, this protocol is tested with the cell lysate
protein of human cell line. The second part will be consecrate to separate by size labeled
protein to obtain a fluorescent proteomic profile, that can furthermore be used for cell line

identification.
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To detect the proteome of a cell lysate, they are two main methods, antibody or reactive
fluorescent dye. The antibody method, that mainly uses chip or microchip, is not reliable
because of the antibody specificity. In Marcon et al., they tested 1124 antibodies directed
against 152 chromatin-related proteins and observed that only 452 of them recognized their
target, raising questions regarding whether a given antibody even detects its intended target
(Marcon et al. 2015). The other solution, the reactive fluorescent dye, is commonly used in
2D gel electrophoresis in the case of differential gel electrophoresis (DIGE) (Pretzer and
Wiktorowicz 2008).

Reactive dyes can permit to recognize different parts of the proteome by changing their
reactive part, while the dye can also be changed to be adapted with the microscope
illumination setting. In our case, we decide to use a cyanine dye design for a 2D-DIGE
experiment, Cy3. Cy3 is one of the most used dye due to its standard microscope
illumination setting (same than TRITC), and is available with different classic reactive site,
NHS ester, maleimide and hydrazide, that permit to detect respectively primary amine group,
sulfo-group and ester group (Figure 9) (Mujumdar et al. 1993). Cy3 is specially used in 2D-
DIGE, but also in single-molecule microscopy with FRET experiment in combination with
Cy5 (Roy, Hohng, and Ha 2008), making this dye a very good candidate for single protein

counting at the proteome level.

A Figure 9: Cy3 and different reactive
O ) functions. (A). Chemical structure of
NN~ O “ Cy3. R indicate the site where the

[ [ reactive site is bind to. (B) Chemical

structure of NHS ester, maleimide and
NHS ester '\"a'e'm'de Hydrazide  hydrazide respectively. R indicate the

( 4{ site where the dye is bind to.
AN
% NH——NH3

However, since the proteome is extremely complex and composed of a lot of different protein
species, each one with specific biochemical and biophysical properties, this implies that
whatever is the labeling method, a portion of the proteome will be lost by precipitation or
unlabelled protein (Harper and Bennett 2016). Nowadays, no study or publication focus their
attention on the labeling homogeneity of the proteome at a single molecule level, even when
this homogeneity is changed by the denaturation and labeling conditions. We then decide to

measure the proportion of the proteome that is labeled at a single molecule sensitivity. We
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have a publication in submission procedure on this subject when these lines are written
(Annex I) and a patent in submission (title: "Analytical instruments, programs, recording
media, and analytical methods”, number 2017-177070, submission 2017/09/14).

Clearing the way for single molecule observation

The detection of single molecule in solid phase, in contrast to gas phase, have been realized
since the 1990 with the detection of a hydrocarbon called pentacene in an organic crystal
first by absorption (Moerner and Kador 1989), then by fluorescence (Orrit and Bernard
1990), opening the door for single fluorescent molecule experiment and a Nobel prize in
2014. The fluorophore improvement towards a more stable form path the way for easier and
more convenient single molecule experiments (Zheng et al. 2014). The main trouble for
single molecule experiment is the concentration limit imposed by extended observation

volumes (Holzmeister et al. 2014).

The classic strategy to detect single molecule is the fluorescence microscopy visualization of
a highly diluted fluorescent sample. To achieve this, we have at our disposition an epi-
fluorescence microscope at high sensitivity that allows single molecule detection. The
principle is straightforward: we diluted the fluorescent sample until we are sure that they are
one molecule or less in the limit of resolution of the microscope. When one molecule is
observed with a high sensitivity microscope, the resulting image will present the object
deformed by the optical element and define as the point spread function, and represent the
limitation of light microscopy (Shaw and Rawlins 1991). This can be troublesome when a
higher resolution is required, but can now be reduced by the use of super-resolution
microscopy techniques that are able to break this limitation (See Introduction - New from old:
single protein detection). However, in the case of quantification or single molecule counting,
the resolution is not a trouble if the signal is spread enough on the observed area, and only

the sensitivity becomes important.

With the microscope sensitivity being the key for single molecule observation, it is achieved
by capturing the maximum of the fluorescence emitted by the fluorophore, without catching
back the laser, and then detecting all the photon that has been captured. The amount of
signal capture is mainly dependent of the numerical aperture (NA) of the objective lens, that
represents its light-gathering ability, with a higher NA corresponding to the collection of more
light and the capture of brighter images, and is depending of both the reflection index of the
immersion medium, medium separating the sample to the objective, and the angle that
defines the collection cone of the lens (Ebenstein and Bentolila 2010). To avoid collecting the

laser photons that can come back to the objective lens by light scattering, a dichroic mirror is
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necessary, that will reflect light below a certain energy and let pass through lower energy
light. The last element is a highly sensitive photon detector like an EMCCD (electron-
multiplying charge-coupled device) (Michalet et al. 2007). With these materials and the
condition that the fluorescent protein is scattered enough to avoid overlapping, it is relatively

easy to detect single fluorescent molecule.

This scattering of the labeled protein needs to be realized on a microscope coverslip that is
adapted for the objective lens, with a thickness around 0.15 mm, and can be done by
various method. One of the most used actually is the passivization of coverslip using
polyethylene glycol (PEG), with a controllable fraction of the PEG being PEG fused to biotin,
allowing to control the proportion of protein binding site by the complex avidin/biotin
(Chandradoss et al. 2014). However, simpler passivization of the coverslip can be achieved
using solely BSA (Di Fiori and Meller 2009).

If the material and knowledge are available, it is quite easy to count single fluorescent
molecule. The main trouble came when it is necessary to quantitatively count the
fluorescently labeled protein as a method to measure the proportion of labeled protein at a

single molecule level does not exist yet.

What means homogeneity at single molecule

To test the efficiency of attachment between a dye and a protein, the coupling efficiency
(CE), sometimes call the degree of labeling (DolL), is the golden standard and is generally
used in the labeling of fluorescent antibody. This test measures the amount of fluorescent
dye over the total amount of protein in the solution by spectrophotometer. The CE then
represent the number ratio of proteins to dyes and has been used for labeling optimization or
control (Kim et al. 2008). However, since the CE is a bulk measurement, it is not possible to
measure the labeling homogeneity, that we define like the proportion of dye by protein. To do
so, it is necessary to measure the labeling at a single molecule level to be able to quantify
the proportion of protein that is labeled with at least one dye, which we call labeling
occupancy (LO) (Figure 10). The LO represents then a probability of protein labeling and can

be used to provide an attenuation factor for estimating absolute protein numbers.
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Protein Dye Figure 10: The effect of labeling homogeneity on
L protein number counting. The protein count number is
< 0 highly dependent on how homogeneously protein

+ - ’. . ', molecules are labeled, rather than the number ratio of
e e proteins to dyes. The homogeneity can be scored

using a parameter, labeling occupancy (LO), which
defines 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). LO
= 100% is ideal, but even in LO < 100%, LO can
provide an attenuation factor for estimating absolute
protein numbers.

Molecular state

Single molecule
image

To realize the measure for LO, it is necessary to be able to measure the proportion of
labeled protein over the total amount of protein, implying that we are able to measure the
total number of protein. To realize this, we decide to evaluate the homogeneity by imaging a
microscope coverslip that binds a known density of the sample protein molecules, and by
characterizing the number and intensities of fluorescence spots that are imaged. In this
case, homogeneously labeled proteins provide a higher number and constant intensity
fluorescence spots, whereas heterogeneously labeled proteins provide fewer spots with
more variable intensity. By comparing the number of spots between the measured sample
and 100% labeled control sample, we can obtain the proportion of proteins yielding
fluorescence spots. Fixing a certain density of protein on a glass surface has been already
used (Zanacchi et al. 2017; Chandradoss et al. 2014; Funatsu et al. 1995), and in our case,
we decide to use a plasma treatment to immobilize a receptor protein, the avidin, and then
adding the sample protein molecules that are denatured and biotinylated in advance. The
positive control is composed of Alexa-Fluor 488 biotin, to label all immobilize avidin, while

the protein sample is labeled with Cy3 dye (Figure 11).
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Figure 11: Assay to measure the Ilabeling
homogeneity. First, coverslips (a) and (b) are treated

~ X X with a fixed density of avidin. Second, fluorescently-

. labeled sample proteins that are biotinylated in
advance are attached on the coverslip (a) via avidin.
In parallel, 100% fluorescently-labeled purified biotin
is attached on the coverslip (b). Third, the coverslips
are imaged by single molecule fluorescence
microscopy to obtain the number and brightness
distribution of fluorescence spots. And fourth, the
homogeneity parameter, labeling occupancy (LO), is
calculated from the ratio of spot numbers in (a) to

(b) 100% labelled
biotin
(Positive control)
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The protein sample, BSA for the preliminary test, was labeled following a standard protocol
(Nanda and Lorsch 2014). Briefly, 1 ug of BSA was mixed in 100 ul of buffer containing PBS
1x at pH 7.4, 0.1% Tween 20, 0.1% SDS and 1 mM DTT for 5 min, then 1 pl of 2 pyg/ml of
Cy3 NHS-ester succinimidyl was added. The labeling reaction occurs during 15 min in the
dark at room temperature, allowing the dye to react with the primary amine of the protein,
like the amino-terminal function or the lysine residues. After completion of this step, 400 pl of
0.8 M HEPES pH 7.4 was added to adjust the pH for the biotinylation step, then by adding
100 pl of 19 mg/ml biotin-PEG2-amine and 5 ul of 20 mg/ml EDC and by incubating in the
dark at room temperature for 1 hour, allowing the biotinylation of the carboxy-terminal
function of the protein. To remove unreacted labeling reagents, the protein solution was
added to an ultra-filtration device that permits to remove all component with a mass inferior
at 10 kDa and re-suspend in 50 mM HEPES pH 7.4. To limit the number of avidin sites on
the coverslip, we decide, after plasma treatment, to spin-coated the coverslip with 200 ul of a
solution of 10 ng/ml avidin and 2 mg/ml BSA in 5 mM HEPES at a speed of 1000 rpm for 30
seconds. This technique allows the formation of a very thin layer of buffer on the glass
surface (few nanometers) and then reduce the number of avidin protein by area unit to a
density of approximately 1 avidin by 100 um? corresponding to 278 avidin proteins by

microscopic frame (27889 um?). They are however big day-to-day variations in this density,
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mainly caused by the imprecision in the dilution of avidin, making necessary to measure the
avidin density for each experiment. The native BSA is present in the solution to passivated
the coverslip surface and by saturating the non-specific site in order to avoid sample protein
to react with them. After this avidin coating step, the sample protein, fluorescently and
biotinylated labeled, is diluted if necessary and added to the glass surface and let react for
15 minutes, followed by a distilled water wash to remove free protein sample. The strong
affinity between the avidin and the biotin site permit to isolate the sample protein for single-

molecule fluorescence visualization.

The setting to visualize single molecule fluorescence is using an inverted epi-fluorescence
high sensitivity microscope with a 60x oil-immersion objective lens (Walter et al. 2008).
Fluorescence was induced with wide-field illumination by a 488-nm Argon ion laser or 560-
nm fiber laser with a power density at the observation area set to 117 W/cm? The
fluorescent biotin was imaged through a 495 nm dichroic mirror and an emission filter of
520(x14) nm to filtrate out scattering light. The protein sample labeled with Cy3 was imaged
through a 561 nm dichroic mirror and an emission filter of 617(+x31) nm (Figure 12). Each
and every image was acquired with an emission time of 100 ms. For each condition, more
than 100 images were taken for statistical analysis. In addition, every experiment was
realized with the imaging of at least one negative control, that is an avidin-free glass, and the
positive control, avidin Alexa-Fluor 488 biotin reaction, to confirm the unspecific binding and

the maximum density respectively.
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Figure 12: Microscope setting for single
molecule visualization. (A). Photography of
the microscope. The laser line, where all
different laser focus on the same point, can be
see at the right of the image. Laser beams are
Ml cxpanded and homogenized in the back of the
|microscope before being directed inside for
the sample illumination. (B) Setting for Cy3.
After entry in the microscope, the 560 nm
laser is reflected against a dichroic mirror and
focus by a 60x objective lens at 0.6 um of the
60x coverslip surface. Fluorescence from the
sample is catched back by the objective lens
and pass through the dichroic mirror, then is
filtered to remove scattering light and raman

Coverglass

Dichroic mirror Laser 560 nm
561 nm < effect before photon count on a photo
multiplicator
Emission filter
617(£31) nm
EMCCD captor

The obtained images were first processed with a laser illumination heterogeneity
compensation to uniform fluorescence counts over the entire imaging area (Taniguchi et al.
2010). Then the images are processed with the rolling ball algorithm with a ball radius of 50
pixels to subtract a background (Sternberg 1983), and a bandpass filter to extract spots of 1-
20 pixels. The image was binarized using the Triangle threshold, and processed in an image
filter that removes spots smaller than 2 pixels square. Then, the spot number was calculated
from each image, which was used for the LO calculation following the formula in Figure 11.
Also, the histogram of fluorescence counts for spots was analyzed by re-binned based on
peaks observed in the histogram, in order to represent the number of dyes in spots. ng. was
calculated from the mean of this distribution, and the histogram integrated 100 - LO at zero

position to obtain a probability density function of the number of dyes in a protein.

We first need to check if the avidin is well fixed on the coverslip and that the avidin-biotin
reaction can occur. To test this, we visualize the positive control, or condition (b) of Figure
11, that is composed of Alexa-Fluor 488 biotin in large excess. Since the avidin possesses 4
biotin binding sites (Livnah et al. 1993), and that the fluorescent biotin is a small molecule of
3.4 kDa limiting the steric hindrance, we expect that the avidin can bind a maximum of 4
fluorescent biotins. When looking at the image data, we can observe different intensity spots,

representing the recognized avidin active site population (Figure 13). This population is
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better visualized by looking at the histogram of spot intensity, where it is possible to see up
to 4 peaks, each one representing an event binding. At this stage, we suppose that all the
avidins are detected by at least one fluorescent biotin, and since the link between the avidin
and biotin is very strong, no free fluorescent biotin is expected to be present (Green 1963).
For confirmation, the incubation time was elongated from 15 min to 1 hour, with no change in
count number or spot intensity. In addition, if the effect of multiple biotin binding to the avidin
can be visualized in this condition, we expect that in the case of a biotinylated and
fluorescently labeled protein sample the steric hindrance will lead to the fixation of only one
protein sample to each avidin. This has been confirmed in another experiment where a
single dye is bound to the protein sample, leading to a homogeneous intensity spot
population (Figure 26). The negative control permits to confirm that the biotin does not react
with the plasma treated coverslip and that the excess is efficiently washed away.

40007 4 Figure 13: Controls for avidin-biotin reaction. The

% 3,000 - positive control is composed of avidin treated
o 20001 ) ¥ coverslip and fluorescent biotin, with left is the
g - 1000 {14 ¥ image data and right is the histogram of spots
- 3 g: intensity, with the arrow indicating the number of
E 6 avidin active binding sites recognize. The negative
§ 4 control is similar, with a coverslip not treated by
;3 (2) I 1 I | avidin, and displaying the minimum fluorescence

0 1,000 2,000 3,000 4,000 SPOLS count.
Fluorescence intensity (a.u.)

The second point to check is if the LO assay displays the same behavior than the traditional
CE technique. Since the CE is a bulk fluorometer measurement, the ratio of the dye to the
protein in the sample solution is measured to be 0.91 dye/protein in the original labeled BSA.
It is necessary to convert this CE value, that is a ratio, to a value comparable to the LO. If we
suppose that the labeling process of a protein follows a Poisson law, it is possible to

calculate the proportion of labeled protein, that we call LO__, by the equation:

CE’
LOy=1—(D. (CE"xe ) u!)
u=0

where CE is the coupling efficiency and u is the number of dye. By applying this equation
with y = 0, we can calculate the proportion of unlabeled protein, then deduce the labeled

proportion of labeled protein, corresponding to 55.8% for the labeled BSA.

The labeled BSA was mixed at different ratios with unlabeled BSA, ranging from 1:3 to 1:0,

to artificially change the proportion of labeled protein and measure with the bulk experiment
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and the LO assay. The single molecule images of the LO assay and spots histogram display

a heterogeneous population of labeled BSA (Figure 14-A) with a LO (LO,, ) of 33.1%,

significantly lower than the LO_, value, suggesting that the molecular labeling event is more

heterogeneous than the Poisson process. By increasing the amount of unlabeled BSA, we

observe that both the LO_, and LO_, diminish in a linear relationship (Figure 14-B).

Changing the ratio of labeled/unlabeled BSA impact the bulk measurement of the LO__, but

CE’

will normally not impact the number of dye by protein detected at a single molecule level. To
calculate this, the number of dyes binding to proteins in spots (ndye) can be obtained from the
ordinal number of the peak in the fluorescence intensity that the spot has. The averages of

Nsee @among all the spots ( 7 were found to be mostly constant at any mixing ratios

ae)
(Figure 14-C), that is coherent with the fact that we dilute the labeled protein, not the
labeling, and that detecting at a single protein sensitivity permits to bypass the dilution since
we observe solely the labeled portion. This also suggests that only one biotinylated labeled
protein binds to the avidin. We also found that the probability density function of the number
of the dye binding to a protein exhibited a higher probability of proteins binding either zero or
multiple dyes than expected if it were a Poisson process. The principal explanation is that
some protein molecules in the sample have deficient reactivity with the label, due to a

reason such as incomplete denaturation.

400+ ¥ Figure 14: Evaluation of labeling homogeneity.
300 (A) Raw data. Image data (left) and histograms
200 A of fluorescence intensities of spots (right) when
108 measuring a mixture of fluorescently labeled
and unlabeled BSA at different ratios are
shown. Arrow represent conjugation of different
discrete numbers of fluorescent dyes. Scale
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Control experiment and robustness test

We observed that the LO_, follows the expected comportment. However, we still need to

confirm that the dots that we are counting are single-molecules, that we do not miss-count

the number of dots by a bad threshold method, that the LO_, is not sensitive to the protein

sample or the dye concentration, that we sample an area large enough to avoid local
variation in the avidin coating and that day-to-day variation in the LO measurements is

minimal.

To confirm that we really observe single-molecules, we realized a photo-bleaching
experiment like describe in the introduction. To do this, we took one hundred images of the
same position of the protein sample BSA with a 100 ms acquisition time, then look at
individual spot intensity evolution (Figure 15-A). The majority of the spots are turned off after
3 seconds of exposure in a single step like for spot 1 and 2 in Figure 15, signifying that the
protein sample is single labeled by the Cy3 dye. Some spots also display double photo-
bleaching steps (spot 3 and 4) indicating a double-labeled sample protein, with a second
photo-bleaching step around 6 seconds. They are also few spots that are still present after
the 10 seconds exposure that can be highly labeled protein, with three or more dyes, but
representing a small proportion of the total spots. The different photo-bleaching steps are
easily identified when looking at the plot intensity (Figure 15-B), confirming the single protein

isolation on the coverslip and allowing the counting of the sample protein.

10s  Figure 15: Single molecule photobleaching

Spot 1 ...... exper/ment (A) Spot  evolution during
photobleaching. One position was acquired during

Spot 2 ...... 100 ms for 10 s, and an 7x7 pixel sub-image

corresponding to a spot is extracted. (B) Intensity

Spot 3 .-.... profile. The average intensity of each sub-image is
calculated for each time to display the change in
Spot 4 --.... fluorescence intensity during the photobleaching

process.
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2 dyes
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intensity (a.u.)
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On the acquisition side, one point to confirm is that our counting method is not over-counting
or miss-counting the number of labeled protein during the image threshold setting. The
threshold method to count dots is accurate if the dots are in low density on the observed
area and that the signal-to-noise ratio (SNR) is large enough. In our case, the microscope
allows the observation of single-molecule, even with a single dye on them clearly, as
observed in the photo-bleaching experiment (Figure 15). This is realized by sectioning the
histogram intensities of pixels identified as 'signal' and compared to the same number of
'‘background' pixel (Figure 16). We can observe that the background pixels present a very
narrow peak, around 3,000 fluorescence intensity, while the signal pixels present a wider
range, coherent with the different number of fluorescent dye that can participate to the global
signal. We also observe that the two histograms do not overlap and that the separation
between the two of them is large enough to accurately place the threshold value, and those
small variations in this value will have only a minor impact on the global count, and then the
LO estimation. In addition, the low density in spots of our assay can be estimated by using
the positive control and is around 102 dot/pixel, that corresponds to a low density. This low
density reduce the probability that two avidin proteins are so close together that we cannot
distinguish themselves, resulting in an under-count. The combination of the clear separation
between background and signal and the low density of single-molecule permits the utilization

of the threshold method for single-molecule counting, and then LO determination.

Figure 16: Pixel values from the

15,000 - B Background background and detected spots. 36,000
B Signal pixels values from detected spots as signal
10,000 4 are compared to values of 36,000 pixels

randomly chosen from background.

Count

5,000 —

0 10,000 20,000 30,000 40,000
Fluorescence intensity (a.u.)

Another point to confirm is that not only the fluorescent biotin but also the biotinylated and
fluorescently-labeled protein sample is specifically reacting with the fixed avidin and not
simply adsorbed on the glass surface by a hydrophobic reaction. We applied a different
concentration of protein sample, biotinylated and labeled BSA, to measure if we reach a
constant value in the number of counted spots even if we keep increasing the sample

concentration. In Figure 17, we observe that a concentration higher than 0.76 fmol of BSA
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leads to the stabilization in the number of counted spots, signifying that the LO assay is
insensitive to the sample concentration. Below this value, the ratio of the number of avidin
sites to the number of sample protein is probably too low for saturation in a short amount of
time. An amount of 76 amol of BSA correspond to approximately 4.6 X107 sample protein on
the coverslip, and the total number of avidin is estimated to be around 10’ by using the
positive control count as a reference, meaning that the active sites are hardly saturated and

will correspond to an intermediate saturation effect.

A L& fmol {16l Figure 17: Insensitivity of the sample protein
amount on the output spot number in the assay
system. In top is shown a representative image
when measuring different quantities of
fluorescently labeled BSA were analysed. Scale
bar = 10 um. In bottom is shown the mean
numbers of spots per image. Insensitivity of the
spot number was observed at quantities greater
than 0.76 fmol. Error bars represent standard
error of the mean.
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A similar point to control is to confirm that the ratio of reactive dye to protein sample in the
labeling reaction is in excess, and verifying that the increase of this ratio results in a further
increase in the LO. To realize this, we realized measurement of the LO with a variable ratio
of dye/protein, ranging from 0.2 to 50. We observe that the labeling efficiency follow a
Poisson law at a low number of dye/protein, then stabilize at a higher ratio (Figure 18). This
experiment confirms that the labeling reaction is saturating to measure the LO. In addition,
we fit the data point a curve following the expression LO = 1 — g @toeficeney corresponding to a
mathematical resolution of the LO equation simplification in the case or p = 0. In this
equation, we need to add an additional factor, called 'efficiency', that is the variable
parameter that is optimized for the fitting curve. This parameter corresponds probably to the
proportion of the dye that can really label the protein and is equal to 22.5%. This means that

for the BSA labeling, in these conditions, only 22.5% of the available dye reacts with the
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protein sample. This number can be explained by the strong basic condition (pH12) of the
labeling reaction buffer, that will quickly hydrolyze and inactivate the NHS-ester function of

the dye.

Figure 18: Effect of concentration ratio of the dyes

100 - to proteins during the labeling reaction on the LO.

Data for labeled BSA sample denatured using

Condition J (Table 2) is shown. The data shows the

- ratio x efficiency measured LO was saturated at greater than 5

dyes/protein, which includes the range of our

labeling conditions (20 dyes/protein). The fitting

curve is given by: 1 - e'aeficency \where ‘ratio’

Y y v ) 1 represents the ratio of dyes to proteins, whilst
0 10 20 30 40 50 .. .

Ratio of dyes by proteins ‘efficiency’ represents the proportion of the dye that

can bind to the protein and is optimized into 22.5%.
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Another important to check is the minimum number of images to acquire and analyze, since
the avidin coating of the coverslip can present a heterogeneity, to obtain statistically strong
results. To realize this test, we used the data of a sample presented in Figure 26, that have
100 images to calculate the LO (Figure 19). The data are presented as a number of dots
count by image, and the LO is generally estimated by using the average of this value. For
this experiment, we randomly selected a given number of image 10,000 times and calculated
the mean value and the standard variation of this bootstrapping. Like expected, the result
displays a similar average for all number of image, but with decreasing standard error when
the number of sampling increase. In our case, the minimum sampling realized was 20,
corresponding to an error of £4.6% in the LO measurement, while the median measurement

corresponds to 52 images, so +2.3%.
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Figure 19: Effect of the image
number on the LO accuracy. The
accuracy is evaluated by standard
deviations of LO from 10,000 times
bootstrap sampling from 100 images
of the 33-42 kDa sample presents in
Figure 26.
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Finally, we want to confirm that independent exp

100

eriment using the same sample realized on

different day permits to obtain similar LO value (Figure 20). We measure the LO of two

samples from Figure 26 to confirm this, and see minimal variations, indicating that the LO

measurement is replicable.
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Figure 20: Reproducibility —of LO
measurements. LO was measured for 5
independently prepared samples for the
20-25 and 98-117 kDa proteome
samples. Data are mean + s.e. 51, 56,
75, 48 and 152 images were analyzed
for the 5 replicates of the 20-25 kDa
sample and 74, 101, 79, 102 and 120 for
the 5 replicates of the 98-117 kDa
sample from Figure 26.

We confirmed that the dots that we measure and count by microscopy were single-

molecules, labeled by one or multiple dyes (Figure 15) and that the threshold method used

for the counting algorithm is justified (Figure 16

). We have shown that the sample protein

needs to be in excess compared to the number of avidin sites and that the LO is
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independent of the excess value (Figure 17). We also have shown that the labeling reaction
needs to present an excess of dye by protein, at least 5 to label available protein, and by
security, we choose 20 dyes/protein (Figure 18). Finally, we tested the robustness of our
measurement by investigating the sampling effect (Figure 19) and the day-to-day variations
(Figure 20) and observed that the LO presented small variations. This permits to conclude
that the LO is a real parameter, and that may be modulated to obtain the desired protein

labeling homogeneity.

Improving the labeling

Using classical protocol, the test protein BSA is lowly and heterogeneously labeled.
However, the BSA amino-acid composition reveals that it possesses 59 lysines plus the
amino-terminal function, for a total of 60 actives sites by protein. We do not include the
arginine, asparagine or glutamine residues in the active site count since the primary amine
need to be protonated for its reaction with the NHS-ester dye (Cline and Hanna 1988).
However, we observe that the BSA labeled portion have around 3 dyes by protein, a lot less
than the number of actives sites. This low number can be caused by the accessibility of the
protein lysine, and this accessibility can also explain the labeling heterogeneity, with a
population of protein in a state that permits a better accessibility to some lysine. They also
have the effect of the dye on the protein stability, since the Cy3 dye is hydrophobic, its
binding in a large amount can impact the solubility of the target protein (Zanetti-Domingues
et al. 2013; L. D. Hughes, Rawle, and Boxer 2014). In addition, too many dyes in the same
volume can present interferences, leading to a quenching effect. Altogether, we want to
define the condition that permits, for the test protein BSA, to be homogeneously labeled with
a constant number of dye by protein low enough to not impact the protein solubility. One
obvious parameter to change is the denaturation state of the protein: if the all the proteins
are in the same denaturation state, the labeling will likely be homogeneous, and controlling

this state can allow limiting the number of dye by protein.

The denaturation of a protein is the loss of the quaternary structure, tertiary structure and
secondary structure which is present in the native state of the protein and can be caused by
extreme pH condition, inorganic salt concentration, organic solvent, pressure or heat. In our
case, we decide to use high pH for protein denaturation, allowing at the same time the
protonation of the lysine residue of the protein, that possesses pKa of 10.07. This high pH
has the drawback to quickly hydrolysate the reactive site of the dye for the labeling, and
imply to add a higher concentration of dye and that a long incubation time is useless to
improve the labeling efficiency. The presence of detergent and surfactant is classic in a

denaturation buffer, with the SDS acting like a surfactant and a denaturation agent by
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linearizing the protein, while the Tween 20 improve the solubilization of the protein. When
the pH of the environment of the protein change from the cellular pH (7.4), protein
precipitation can  quickly  occur, and to mitigate  this  effect, 3-[(3-
Cholamidopropyl)dimethylammonio]propanesulfonate (CHAPS) is classically used to
increase the solubility and stability of proteins, especially the membrane one. We decided to
test different condition with high pH and combination of buffer and detergent, and the
different buffer compositions are shown in Table 2 and compare to the original condition
(condition A). The buffer concentration is kept low to allow a quick pH adjustment for the

following step of biotinylation, that necessitate a slightly acidic or neutral pH to occur.

Condition Buffer DTT SDS Tween 20 [ CHAPS
A 1x PBS pH 7.4 1 mM 0.1 % 0.1 % 0 %
B 50 mM borate pH 12 1 mM 0.1 % 0.1 % 0 %
C 50 mM borate pH 12 1 mM 0.1 % 1 % 0 %
D 50 mM borate pH 12 1 mM 1 % 0.1 % 0 %
E 50 mM borate pH 12 1 mM 1 % 1% 0 %
F 50 mM borate pH 12 | 10 mM 0.1 % 0.1 % 0 %
G 50 mM borate pH 12 | 10 mM 0.1 % 1% 0 %
H 50 mM borate pH 12 | 10 mM 1 % 0.1 % 0 %
I 50 mM borate pH 12 | 10 mM 1 % 1 % 0 %
J 50 mM borate pH 12 | 10 mM 1 % 1 % 2%

Table 2: Labeling buffer composition at each condition.

Bulk measuring the LO . of the three different conditions leads to similar results around

40%, meaning that the labeling is either completely similar with inefficient denaturation
condition, or more heterogeneous with a minor population presenting high dye/protein ratio,

or a more homogeneous with a major population presenting the same dye/protein ratio. In

contrast, LO,,  significantly increased in the new conditions compared to the original

condition (29.5%) (Fig. 3B), indicating that the labeling homogeneity can be improved by the
labeling conditions. Addition of our tested four supplements (DTT, SDS, Tween 20 and

CHAPS) respectively provided positive effects on LO_ , which reached 82% when adding all

Obs’
four supplements together. Consistent with this, histograms of fluorescence intensities of
each spot were less spread and less skewed to smaller values in the new conditions,
suggesting that less and constant numbers of dyes tend to bind to single proteins (Figure
21). We can see up to three peaks, which correspond to 1, 2 and 3 dyes by protein. The
good separation between the peaks can signify that they are a very limited quenching effect
of the dye in the condition | and J compared to A, leading to a better appreciation of the dye

number by protein.
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Figure 21: Raw data of different labeling
conditions of BSA. Imaging data (left) and spot
fluorescence intensity histograms (right) for the
three differents protein denaturation buffer
described in Table 2.
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The probability density functions of the number of dye by protein can be estimated from the
discretization of the histogram(Mutch et al. 2007). We realize it by binning the histogram
based on the width of the first peak, starting from 1 dye up to an arbitrary limit of 7 dyes. It
was possible to add the zero dye by a cross product between the total number of counted

spot and the LO,, to obtain the total amount of spots in the image, and from this, the

number of protein unlabeled. From this discretized histogram, the 7 aye and the derived

Poisson law can be calculated (Figure 22), and display that the all-or-none dye binding
fashion from condition A is reduced, but instead, a constant-number type of binding
dominates in other condition. We expect that such constant-number binding is caused

because reactive labeling sites or lysine residues in proteins are filled by dyes.
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Figure 22: Probability density functions of numbers of the dye binding to proteins of labeled
BSA at different labeling conditions. The probability density function (blue) and the Poisson
distribution curve with a mean of the function (red) are shown.

In conclusion, the condition J, allowing the best denaturation and solubilization of protein,
permits to obtain a better proportion and a more homogeneous population of labeled BSA at

a single protein level, with approximately 75 % of labeled BSA with 2 dyes (Figure 23).

O
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Proteome scale labeling

Single molecule protein counting and spatial visualization is done since 1995 (Funatsu et al.
1995) and is today commonly realized with the fluorescent labeling of antibody. However,
labeling the whole proteome of a cell lysate is another scale and it is important to keep in
mind that it is not possible to label every kind of protein. They are too many of them with a
too important range in term of biophysical and biochemical properties, implying that a portion
of them can potentially precipitate. In addition, we increased the challenge a little more by
realizing a one-step buffer, where the cells are lysed, protein denatured and then labeled in a

single step, without any intermediate step like protein extraction.

Since the dye detected primary amine, every component of the cell with a free amine will be
recognized by the dye, including small molecules like single amino-acid or short peptide,
multiplying the potential number of target and necessitating to separate them from the
proteome sample. By keeping the current protocol, that realizes a size based purification, we
can remove all these small molecules that we are not interested in. We choose the condition
J (Table 2) as the one-step buffer, since the presence of Tween 20 permits to break the cell

wall and the high pH, SDS and DTT to denature the protein content.

We first need to confirm that it is possible to visualize the proteome of a cell lysate. Hela
cells are one of the most know and classical cell line and have been used for the cell lysate.
Cells were classically growth in DMEM supplemented with fetal bovine serum and antibiotic
mix until reaching 70 %, and exponentially growing cells were collected by treatment with
0.1% trypsin, washed with 1x PBS, and re-suspended in 1x PBS at 10° cells/ml. This wash is
critical to remove the trypsin and other protein that can be labeled. 1 ul of the cultured cells,
corresponding to 1000 cells, were lysed and denatured by mixing with 100 ul of buffer
condition A or J for 5 min, then labeled by adding 1 pl of 2 ug/ml Cy3 NHS-ester dye and by
incubating for 15 min in the dark at room temperature. A classical SDS-PAGE was realized
using 15 pl of labeled cell lysate, with the particularity of not boiling the sample prior
migration to avoid degradation further degradation of the cell lysate proteome, and migration
occurred until the front of migration exited the gel. The gel was then first visualized using the
Cy3 setting of a gel viewer for the fluorescence channel, then stained using colloidal

Coomassie blue (CCB) to visualize the whole proteome (Figure 24).
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We observe that the condition A fluorescent labeling is very poor, with only a few bands of
protein labeled, implying that the labeling is extremely heterogeneous. It is clearly evident
when comparing the CCB and the condition A channel. In the other hand, the condition J
detect clearly more protein types, with a comparable pattern than the CCB. We can,
however, note small differences, especially in the low molecular weight protein, lower than
the 40 kDa. The comparison between the different profile reveal some similarities between
the Cy3 labeling and the CCB staining, even if their labeling principle is different, with a
direct and covalent reaction for the fluorescent staining and a non-covalent based staining
that binds to proteins by a combination of hydrophobic interactions and hetero-polar bonding

with basic amino acids (Georgiou et al. 2008).

The direct comparison between the CCB and the condition J migration profile is based on
the fact that it is theoretically the same proteome profile, and then permits the same
analysis. However, the migration and image acquisition leads to some artifacts that need to
be removed for a strict analysis. The art of baseline correction is complex, and we decided to
use a simple original approach. We first wish to remove global trends in the signal, since we
expect that protein peaks are limited in their width. We realized this by making the rolling
mean on the data after filtration by a local Otsu filter. This baseline was furthermore smooth
using a Savgol filter (Savitzky and Golay 1964), allowing us to subtract this baseline (Annex
).

In addition to this baseline correction, we also estimated the theoretical protein abundance
by using the protein expression database paxdb*. This database possesses a compilation of
quantitative proteomics over a wide range of cell types and organisms, comprising Hela cell,
even if the coverage is approximately 40%. Using the protein ladder, it is possible to

calculate the interval of protein molecular weight theoretically present in one pixel, or one
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point, of the profile. The normalized sum of the abundance of each protein inside this interval
permits to obtain the theoretical migration profile, and is then compared to the real data from
the CCB and the fluorescence condition J. When looking at the protein abundance database
of Hela cells, it becomes obvious that the majority of the most expressed protein has a low
molecular weight, like the cofilin-1 at 18.5 kDa, with the top 10 presenting an average
molecular weight of 17.6 kDa, lower than the limit in our SDS-PAGE at 20 kDa (Table 3). The
high molecular weight protein is generally less expressed, with the moesin being the only big
protein, at 67.8 kDa, highly expressed, but still 10 times less than the cofilin. This implies
that a lot of protein is even not considered in the analysis and that it is difficult to directly
compare the estimated to the experimental profile. In addition, the experimental data protein
bands tend to be wider than one-pixel width (see the ladder in Figure 24), making the

estimated data looking a lot sharper than the experimental data.

ID Protein Name MW (Da) Abundance (ppm)
P23528 COF1 Cofilin-1 18502.90 33062168.10
A8MX94 Glutathione S-transferase P 19481.03 22732898.15
P37802 TAGL2 Transgelin-2 22392.08 20103702.92
P05387 RLA2 60S acidic ribosomal protein P2 11665.29 17892707.42
ABMUS3 | 60S ribosomal protein L23a 21916.70 17887495.21
Q71DI3 H32 Histone H3.2 15388.47 11330735.76
P68431 H31 Histone H3.1 15404.54 11250129.19
Q6NXT2 |H3C Histone H3.3C 15214.20 10677335.17
ABNIW5 Peroxiredoxin 2, isoform CRA_a 15138.75 10658257.18
B5MCP9 |40S ribosomal protein S7 21312.36 9360266.57

Table 3: Top 10 of protein abundance in Hela cell.

After data processing, the proteome profile obtained from the database, the CCB and the
fluorescent reactive dye can be compared to each other (Figure 25). We can observe that
the CCB and the reactive dye profile are quite similar, presenting same peaks sharpness
and position through the whole protein molecular weight range, even if the reactive dye
profile look more blurry in the original image (Figure 24). The biggest difference consists in
the relative intensity, with the reactive dye displaying a higher intensity than the CCB in low
molecular weight, from 20 to 40 kDa, and the CCB presenting a higher intensity than the
reactive in high molecular weight protein, more than 100 kDa. The estimated profile,
however, found a lot more abundant protein at a low molecular weight, and only a few

proteins species of high molecular weight present spikes big enough to be visualized. When
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transforming the data in a log scale, it is possible to observe a general trend where higher is

the molecular weight of the protein, lower its abundance, especially from 100 kDa.

— Estimation
— Fluorescence
0.8 4 — Visible

Relative abundance

log10(MW)

Figure 25: Protein abundance compared to SDS-PAGE migration profile. The fluorescence
profile from the condition C is compared to the CCB profile after baseline correction and
normalization. The estimated abundance of the protein is calculated from the database
paxdb* with the Hela proteome.

These results confirm that the labeling protocol using the condition J permits to label a
representative portion of the proteome without visible bias. We then repeat this SDS-PAGE
experiment but focus our attention on 4 different visible fractions from bands after migration
and the whole migration length in a sequential order. From these bands, the proteins are
extracted by electro-elution for 2 hours in a migration buffer, then biotinylated as previously
described to realize the LO measurement of these fractions. In parallel, the LO of the whole
cell lysate was measured for comparison (Figure 26). The molecular weights of the fractions
were chosen based on the previous experiment to try to represent the different molecular
weight comportment with the 16 and 23 kDa band for the low molecular weight protein, the
55 kDa for the middle molecular weight while the 120 kDa is for the high molecular weight.
These molecular weights are an obvious approximation, and we estimated that we capture in
reality 2% around the target, meaning many protein species, and we reflect this aspect in the
bio-informatics analysis by selecting, for each band, the proteins in the molecular weight

range.

When looking at the raw images, we can observe that the whole cell lysate LO looks noisier
than the corresponding BSA image (Figure 21). This is explained by the difference in the
sample purity, with the cell lysate being not purified, they are a higher chance that some cell

waste or cell fragments are present on the glass surface, leading to more noise. However,
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the image acquisition and analysis can permit to not take into account these kinds of
artifacts. In the other hands, these kinds of artifacts are extremely unlikely in the case of the
electro-eluted proteins since they are extracted from the gel, implying cleaner data images.
In the histograms present in Figure 26, we can observe that the whole cell lysate presents
the multi-peaks behavior already visualized in the case of the BSA condition J, and a LO of
71.6%, slightly lower than the BSA, but in the expected value considered the proteome
complexity. One of the most interesting parts is the 16 kDa band histogram, that reveals a
unique peak, signifying that the proteins are mostly labeled by one and a unique fluorescent
dye. This has been already discussed in a previous part, but this implies that only one
protein can bind to one avidin. The fact that this protein is the smallest of the tested one is
incredibly convenient by signifying that it is probably the case for the other bigger protein.
The LO measured for this band is lower compared to the whole cell lysate, at 49.6%.
Another interesting effect is the tail signal that we observe in the three others selected
bands, especially heavy in the 23 kDa. When multiple dyes bind to the same protein, it can
present a partial quenching caused by a local dye saturation or too close proximity with
tryptophan residues (Vaiana et al. 2003), interfering with the fluorescence intensity and then
making the peaks more diffuse, causing the observed tail signal. The LO measure for these

tails fractions is high, going up to 91.2% for the 120 kDa fraction.
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As described previously, the number of dye by protein can be calculated from the histogram
and checked if the labeling follows a Poisson law (Figure 27). As said previously, since the
16 kDa fraction presents only 50% of labeling efficiency, the majority of the labeled protein
presents 1 dye, and then the process is more homogeneous than a Poisson law. On the
other hand, long tail fraction presents a big variability in the number of dye by protein, with
the unlabeled fraction being very small, and possibly signifying a labeling phenomenon that
does not follow a Poisson law, especially for the 55 kDa fraction. In the case of the whole
lysate analysis, we can observe that the 1 dye portion represents the biggest proportion of
the signal, with a sudden drop followed by a tail. This further confirms that the labeling
process is not a simple stochastic process following a Poisson law, but a more complex

process.
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Figure 27: Probability density functions of numbers of the dye binding to proteins of the
labeled proteome sample at different molecular weight fractions. The probability density
function (blue) and the Poisson distribution curve with a mean of the function (red) are
shown.

When looking at the number of dye by fraction, we observe that this number increase with
the increase of the protein molecular weight up to around 3 dyes by protein (Figure 28-A).
One interesting behavior is the fraction at 55 kDa, that present the highest number of dye by
protein, but surprisingly a small diminution in the LO, at 82%, compared to its neighbors.
This increase in the number of dye can be explained by an increase in the number of lysine

in the fraction, which we name n, The lysine number of each protein has been calculated

from the protein composition in the interval of 2% around the molecular weight of each

fraction, then the n,, was obtained as the weighted average based on the protein

abundance. These values are highly dependent on the protein species that have the highest
abundance in the fractions, which are V-type proton ATPase 16 kDa proteolipid subunit
(ATP6BVOC), histone H1.5 (HIST1H1B), pre-mRNA-processing factor 19 (PRPF19) and

desmoglein-2 (DSG2), respectively. Typically, the high N, value at 23 kDa is due to a large

number of lysine residues of protein histone H1.5 (66 in total), but we have no confirmation

that we correctly labeled these proteins. In case of the uniform and continuous gel cutting,
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the size interval was used to calculate nys similarly to the peak fractionating. When we
plotted LO values as a function of n, and fitted them with an exponential curve, we obtained
the relationship: LO = 100 — 71.5exp(-0.039n,s) (Figure 28-B). The relationship describes
that the LO is proportional to N at a small Ny but reaches a plateau at 100% at a large Ny

which supports the fact that the succinimidyl ester labeling reaction occurs at lysine residues

in a protein. In addition, the equation indicates that there is a positive offset of the LO at
28.5% regardless of the Ny value, which is consistent with the fact that the succinimidyl
ester reaction also occurs at the amino-terminal of each protein when accessible. We also

analyzed the relationship between 7 aye and Nye which is given by the relation: 7 e =

3.3 - 2.6exp(-0.08n,ys) (Figure 28-C). The relationship describes that 7 dye is proportional
to Ny at small Ny but reaches to a plateau at 3.3 at large Ny which would be caused by
exclusion effects of dyes binding to the same protein, or quenching effects between neighbor
dyes on the same protein. The 7 aye also has a positive offset around 0.75, supporting the

reaction at the NHz terminal end of proteins.

Figure 28: Labeling homogeneity of proteome
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Possible improvements

Determining the labeling homogeneity of the whole proteome is obviously impossible. Like
said previously, they are proteins species that will be unlabeled, or worst, not present at all
due to their precipitation. Further improving the protein solubility is difficult, since changing
the pH or the temperature can improve the solubility of some of them, but can also reduce it
for other protein (Pelegrine and Gasparetto 2005). In addition, because of the nature of the
proteome, it will not be possible to know, based on this kind of experiment, the solubility
effect. One experiment to realize will be the analysis by mass spectrometry of the labeled
whole cell lysate. This experiment will be expensive in term of time since it will necessitate to

purify and concentrate the proteins to identify a significant portion of the proteome.

Another discussion point is about the coverslip passivisation. In our case, we used a simple
BSA passivization, but for single molecule FRET experiment, they tend to realize a
passivization using PEG layer (Chandradoss et al. 2014). This passivization is well adapted
to avoid unspecific protein binding to the glass. In addition, controlling the ratio of PEG-biotin
over PEG permits more precision on a day to day variation than the avidin glass coating that
we realized. However, they need to use three steps, or sandwich, to attach their protein of
interest on the glass, under the form PEG-biotin+avidin+biotin-protein. In this case, our
protocol is simpler, with a single step avidin+biotin-protein, and also safer. Indeed, they need
to use pirana acid, a strong oxidative acid, while we use simpler air plasma treatment to
remove organic material from the glass surface. Overall, our technique is simpler and safer
while giving good count data, with the drawback to increasing some unspecific reaction
between some protein or cell fragment, and it can be interesting to compare the counting

data with this other passivization protocol.

One uncertainty about our technique is the stoichiometry of the avidin/biotin reaction. Like
stated previously, one avidin can bind up to for biotins, and we observed this with the
positive control composed of fluorescent biotin, that give up to 4 peaks (Figure 13). Even if
we have shown that proteins with only one fluorescent make only one peak in the intensity
histogram (Figure 26-B), this experiment was not designed for this measure, and then we
cannot be sure that they are only one protein binding event by avidin. One way to test this
out is to make possible only one protein binding site by avidin. To realize this, one quick
solution is to make a competition between unlabeled biotin and labeled protein, in a ratio big
enough to be sure that they are one or less protein by avidin. Badly, the freedom of the
unlabeled biotin is a lot higher compared to the protein, leading to uncertainty in the
measure. Another way is to use a monovalent version of the avidin(Howarth et al. 2006). In

this case, the test is a lot simpler and permit to be sure that they are one protein, labeled or
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not, fixed to the avidin (or streptavidin). Badly, this variant of the avidin is not yet available

commercially, and necessitate a complex procedure to produce and purify.

Conclusion

We successfully measured the labeling homogeneity at the single molecule level of the
whole proteome. The results show that a high, 50-90% of LO can be achieved by high pH
and solubility conditions, which importantly indicates that the application of single molecule
counting to proteome analysis is realistic. Our method can provide attenuation factors to fill
the gap between the actual protein numbers and the labeled, countable protein numbers, in
the form of LO.

Our results also provide an important indication that labeling homogeneity is significantly
changed by labeling conditions, beyond the simple Poisson process. The data suggest
mechanisms that make the labeling more heterogeneous and homogeneous (Figure 29).
Heterogeneity is considered to be caused by all-or-none mechanisms resulting in the
existence of non-reactive proteins due to incomplete solubilization or less affinity. In contrast,
the homogeneity is explained by the fulfillment of reactive lysine residues in a protein with
dyes. These mechanisms highlight that single molecule phenomena can significantly deviate
from simple theoretical views supposed by ensemble-averaged bulk experiments, and

suggests the necessity of single-molecule experiments.
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Figure 29: Mechanism of labeling homogeneity and heterogeneity. The letter, ‘K’ and ‘N’
denotes a lysine residue and NH2 terminal, respectively.
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The proteome profiling, also called protein expression profile, is the information about all
protein present in a biologic sample at a certain time. This profile can be used in a purpose
of sample identification or to understand a particular cellular or molecular mechanism. These
profiles can be easily realized by any protein separation technique, like SDS-PAGE or
isoelectric-focusing, with the most famous technique being the 2D-DIGE, that allow the
separation of two proteomes on two dimensions for relative comparison (Bouvet et al. 2014;
Rodrigues et al. 2015). 2D-DIGE is still the most routinely performed despite other attractive
alternatives thanks to its low cost and inexpensive infrastructure needed for acquisition and
analysis, that resume the purchase of fluorescent dye and a fluorescent gel scanner. One
alternative is the mass spectrometry (MS), that permits to identify peptides by their
mass/charge profile. The increase of protein and peptide identification by the MS brings an
association between the 2D-DIGE and the MS, with the interesting protein spots detected by
2D-DIGE then identified by MS (Bouvet et al. 2014). Another method to obtain a proteome
profile is by the combination of liquid chromatography (LC) and MS, with the analysis of
human serum able to identify cancer (Petricoin et al. 2002). Since the beginning of 2000, the
proteome profiling have been massively realized by MS or LC-MS, and combine with the
advance in the genome sequencing project, allows the identification of up to 8000 different
proteins, even if they are still some portion of the proteome, roughly 45%, that is unidentified
(Sidoli, Kulej, and Garcia 2017).

However, when the question asked is more about the comprehension of a particular process,
like the identification of the interaction protein/ligand, a shotgun analysis is not adapted since
it is containing too much information. To reduce the analyzed scope, simplifying the
observed proteome profile is necessary, and different techniques permit to obtain this kind of
results, all of them implying the stability/solubility of proteins (Franken et al. 2015; Savitski et
al. 2014; Lomenick et al. 2009; Strickland et al. 2013). In addition to this simplification, an
increase of the sensitivity of detection, up to the single cell level, is actively research (Nie et
al. 2016; Rose et al. 2012), with the final goal being the yocto-molar sensitivity, more exactly
the 1.66 yocto-molar, or the number of moles equal to the inverse of Avogadro’s number,
implying a single molecule detection. Since we extensively discuss this single molecule
detection level, or ultimate detection by fluorescence microscopy in the first part, let discuss

here what it means to obtain a proteome profile at a single molecule level.

The first obvious point the single molecule add is the sensitivity, that will allow the detection
of single protein in the profile and permits to achieve an absolute quantification of the
proteome. However, to reach this absolute goal, the protein needs to be resolved on a

perfect profile, where each protein species are separated from each other, without any
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overlapping. Like in the case of the labeling efficiency, because of the protein biophysical
and biochemical properties, they are actually no technique that permits to completely
separate protein from another protein at this resolution. However, even with an imperfect
protein resolution, the proteome can still reveal a lot of information like new protein
discovery, protein pathway knowledge as well as cell identification, especially used for the

identification of cancer cell (Petricoin et al. 2002).

The SDS-PAGE is the most used protein separation technique for proteome profiling,
realized on an everyday basis in bio-molecular laboratories using as separation factor the
size/mass of the protein through an inert polymer, generally composed of acrylamide. The
SDS-PAGE will separate the proteins based on their denatured form, with the electrical field
permitting to separate the protein, using SDS to neutralize and change the native protein
charge to be proportional to their size. Another historical separation method is the isoelectric
focusing of the protein, where the protein migrates under an electric field based on their
native charge, inside a pH gradient. Since the global charge of a protein is determined by the
side function of the amino-acid, and these functions are sensitive to pH, a protein will stop to
migrate once all its charges are neutralized. Both techniques are usually combined to make
2D gel electrophoresis, that allowed the identification of protein and mechanism, despite its
lack of reproducibility between gels and its difficulty to compare different samples (Rodrigues
et al. 2015). To bypass this, 2D-DIGE label two or three different samples using different
fluorescent dyes, and migrate all samples on the same gel, allowing exactly similar migration
conditions, and enable the direct comparison between sample. Proteome profile can also be
obtained from liquid chromatography, with the diversity of column allowing to separate
proteins permits a larger biochemical or biophysical combination, like size, hydrophobicity or
affinity to the matrix. These kinds of profiles are mainly detected by labeling free method like
UV detection, then the apparition of the electrospray allows the use of the MS or tandem MS
to add a second dimension allowing the identification of the protein in addition to the
proteome profile (Petricoin et al. 2002). The single molecule or even single cell profile
detection still need to be done, and we tried two different techniques to obtain these kinds of
profiles, first, the capillary electrophoresis (CE), and second the SDS-PAGE, both of them

adapted to theoretically allow single molecule detection using high sensitivity microscopy.

Capillary electrophoresis for profiling

Capillary electrophoresis is a family of electrokinetic separation methods performed in sub-

millimeter diameter capillaries and in microfluidic channels. This part will be focused on the
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capillary zone electrophoresis, referred as CE here, and not on other methods of the same
family. CE is mainly used for DNA sequencing through automated multi-capillary
electrophoresis systems using fluorophore labeling with multispectral imaging, even if the
next sequencer generation do not use them (Karger and Guttman 2009) and another

application is the protein separation (Burgi and Smith 2001).

CE is an electrophoretic technique that separate proteins based upon their size and ionic
properties determine by the amino-acid composition of the given protein. When applying an
electrical current to the CE, the protein will move toward the electrode of opposite charge. A
buffer flow is also generated inside the column when the electric field is applied from the
cathode to the anode electrode that is called electroosmotic flow (EOF). Since the EOF of
the buffer solution is greater than the electrophoretic mobility of the protein, the protein is
carried along with the buffer solution toward the cathode, whatever is its charge. In the case
of native protein, the migration order seen by the detector is determined by the protein global
charge and size, with small multiple positively charged proteins migrate quickly and small
multiply negatively charged proteins are retained strongly (Figure 30-A). However, when the
proteins are in presence of SDS, the global charge of the protein become negative, with the
amount of charge being proportional to the protein size, allowing a protein separation solely
on the size (Figure 30-B). To reach a single molecule level, we need to observe the CE
under a high sensitivity microscope and to realize this the microfluidic CE is the best suited
(Huang et al. 2007).
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Figure 30: Protein separation in capillary electrophoresis. (A) Native proteins are separated
depending of their global charge and size. (B) Charge uniformized protein (by SDS) are only
separated by their size, with the most charged protein migrating quicker. + and - represent
the global charge of the protein.

The material used to create the microfluidic is one of the most important factors for a
successful protein separation. In our case, we used the cheap and very flexible elastomers
polydimethylsiloxane (PDMS). The PDMS has the particularity to be a viscoelastic material,
acting like honey, and allowing to replicate a pattern with high precision (Ren, Zhou, and Wu
2013). This pattern called the master is realized in the laboratory through soft lithography by

the use of epoxy-based negative photoresist, in this case, SU-8 from microchem. Depending
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on the viscosity of the SU-8 solution, a different thickness can be achieved by spinning this
solution over a silicon disc. We used SU-8 3005 that permit to obtain a layer of 6 um after
spinning at 2000 rpm for the CE layer, while we used SU-8 3025 and a spinning speed of
2000 rpm to achieve a 40 pym thick layer for the valves layer. Then, after evaporation of the
solvent at 90 degree Celsius, we initiate the polymerization of the SU-8 layer by UV
exposure using a mask to create the master pattern. The polymerization of the SU-8 is then
continued by baking at 90 degree Celsius, then developed in 1-methoxy-2-propanol acetate.
The final result possesses a high stability to chemicals and radiation damage and is used as the
master for PDMS casting. The PDMS is very well fitted for microscopy with its reflexion index
close to water (1.38), high transparency and low auto-fluorescence while being adapted for
biological samples with the capacity to transmit gas. PDMS have however a big drawback: it is
hydrophobic, not the comportment excepted for a microfluidic material. Surface plasma oxidation
permits to make the PDMS surface hydrophilic, creating a cross-link with glass, useful for making
sealed chip, but this oxidation is provisory, and after a certain time, become hydrophobic again
and then absorb hydrophobic compounds present in the solution, in our case, some protein

species (Hillborg et al. 2000).

We first developed a simple design based on the double T, allowing the migration of 0.5 nl of a
sample (Figure 31). This simple design also accommodates the presence of valves on the
second layer of PDMS. Since the PDMS is an elastic polymer, its deformation can easily be
realized using pressure, and adding a control layer incorporating valves allows an easy control of
the flow. In this case, when the sample is injected, the anode and cathode valves are closed,
forcing the sample to fill the loading area and exit to the waste. For the migration, sample and
waste channel are closed and anode and cathode valves are open. Since we do not apply high

pressure for the injection, no leakages are observed despite the simple design of the valves.
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_ Sample Figure 31: Double-T design of microfluidic for protein

separation. The top is the schematical
representation of the double T with the valves
represented with dashed lines to control the flow. In
the middle is the actual microchip, with visible dye to
see the channel. At the extremity is the electrode
with buffer reservoir. At the bottom is the
photography reconstruction of the loading area with
the valves system, without dye. The dimension of
the channel is 50 um wide for 6 um height and 500
T um, for a total volume of approximately 0.5 nl.

Anode > 2 cm migration Cathode

Valve  Waste ™"

The injection procedure was first realized using fluorescence dye, Cy3. Like shown in Figure
9, Cy3 possesses a unique positive charge at a nitrogen, making this dye naturally moving
toward the anode. Since Cy3 is a small molecule, it will move quickly, but the EOF will still
direct it again toward the cathode. Since EOF need time to initiate and is dependent on the
voltage, we expect that the dye will move first toward the anode before being directed to the
cathode. To confirm this, we acquire a time-lapse at the second T, the closer to the cathode,
using the fluorescence microscope, an acquisition time of 100 ms and a different voltage to
see the impact on the bandwidth (Figure 32-A). As expected, we observe that the dye seems
to concentrate to the anode before the EOF bring it back to the cathode, sometimes with a
fluorescence saturating the camera setting. When looking at the fluorescence profile
intensity, we can observe a half peak width of 0.6 seconds at 0.1 kV, while at 3kV, this value
is about 0.3 second, and appear sooner (Figure 32-B). If the migration at 3kV permit to
reduce the bandwidth, it has the disadvantage to heat the capillary by the Joule effect. If for
small migration time it does not create troubles, we expect troubles for longer migration time,
especially since the protein solubility is depending on the temperature, motivating our choice

to use the 0.1kV migration setting.
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The migration profile of pure labeled protein was measured using the double T microchip
with a voltage of 0.5 kV, with the microchip and the buffer tank filled with a buffer composed
of Tris-HCI pH 7.4 and SDS at 0.1%, allowing the protein separation solely on their size. The
migration was realized using labeled protein inside the denaturation and labeling buffer,
without any purification step, and we expect at least two peaks, the excess of non-reactive
dye making a major peak, and the labeled protein making another peak. In Figure 33, we
observe on the top the three different conditions, with the dye alone, the labeled lysozyme
and the labeled BSA, with a single peak at 2.1 seconds, 3.5-3.8 seconds and 1.8-2.0
seconds of migration time respectively. These retention times were conserved between
experiment, with the most precise being the dye. In the case of the lysozyme, we can
observe a long tail, that can be the result of either a slight absorption to the PDMS surface or
a leakage at the double T junction. It is interesting to note that the migration is very quick,
with a complete migration in less than 5 seconds, even with the low molecular weight of the
lysozyme at 14.3 kDa. However, the dye, even if presenting a sharp peak, is disrupting the
analysis since it is the most important peak in intensity, covering other peaks. We decided to
remove the excess of dye by realizing a size exclusion column on a mixture of labeled BSA
and labeled lysozyme (ratio 1:1), then perform again the protein mixture migration. This
result is presented in Figure 33, bottom, and display a two peaks pattern, with the first peak
at 1.9 seconds and the second peak at 3 seconds. The first peak is very likely the BSA, with
corresponding time compared to the previous experiment. The second peak can only be the
lysozyme, however, the retention time is inferior to the previous experiment. This can signify
that the lysozyme reacts with the BSA or the PDMS wall for example, in a different way that

when it migrates alone. This suggests that the peak identification of a complex sample will
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not be possible because of this uncontrollable reaction of some proteins. In addition, the
peak resolution is weak in this system, with a too wide peak that does not allow the

realization of a protein profile with enough resolution.
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Figure 33: Migration profile of proteins in capillary electrophoresis. On the top is displayed
the migration profile of pure probe, labeled lysozyme and labeled BSA. On the bottom is
displayed the migration profile of the mixture labeled BSA and labeled lysozyme, without
the dye excess.

To increase the resolution, we can used two techniques, either increase the migration
voltage or increase the length of the capillary. In our case, we decide to increase the length
of the capillary, to a length of up 35 cm. In addition, we also decide to incorporate a special
observation area, that possess a thickness of 0.5 ym, to be sure to catch all the signal with
the microscope. Water based buffer flow very easily inside the microchip by capillarity, but
the sudden neck in the channel result in an increase pressure at the cathode. To resolve this
trouble, we installed a derivation system, controlled by a valve, that permit to quickly change

the buffer in the migration channel, even between two runs (Figure 34).
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To realize the two different heights resulting in the observation area, the first layer was made
of SU8-2000.5 spin coated at 3000 rpm, resulting in a layer of 0.5 um, bake to evaporate the
solvent, then UV expose with the full pattern. Then, instead of a hard bake, another SU8
3025 is spin coated at 2000 rpm to create the second layer of 6 um. It is then baked to
evaporate the solvent, then the second mask, where the observation area is lacking, is
aligned using targets before UV exposition. The two layers are then baked for the final
polymerization of the SU-8, resulting in a two layers master, from where PDMS can easily be
cast. However, when running this microchip design, we were unable to obtain a migration
over the 35 cm, whatever was the voltage applied, the running buffer at the extremity was
boiling because of the Joule effect. We tried different design and buffer composition,

unsuccessful.

In conclusion, we were able to separate two labeled proteins with success on a short
microcapillary chip, with a strong limitation in the potential number of separated proteins, and
the strategy to increase the length of the capillary was unsuccessful. Instead of increasing
the length of the capillary, realizing a gel capillary was probably a better solution for the
separation with a higher resolution of the protein. Another idea will be to use a 2-dimensional
capillary microchip, where the protein is first separated by size, with a fraction of this size
being transferred to conduct a micellar electrokinetic electrophoresis (MEKC), a second
method that permits to separate protein based on their hydrophobicity (Shadpour and Soper
2006). Separating protein based on their hydrophobicity is difficult in PDMS chip, and is
generally better conduct in Poly(methyl methacrylate) (PMMA), or necessitate specific

treatment of the surface of the PDMS, all expertise that we do not have in the laboratory.

Since we were unable to obtain proper proteome profile using capillary electrophoresis, we
decided to adopt another technique that is used for the proteome profile since the beginning
of protein analysis: SDS-PAGE.
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Profiling on thin SDS-PAGE

One of the oldest technique that permits to realize a proteomic profile is the SDS-PAGE,
combined with a protein visualization method like the Coomassie blue or the silver nitrate
staining (Neuhoff et al. 1988; Poehling and Neuhoff 1981). If these techniques permit the
detection of proteins, their sensitivity or their specificity is limited, resulting in an incapacity to
be used in single molecule studies. Like we have already shown in Part 1, labeling a big
portion of the proteome is possible, and then it can be possible to detect a single molecule in
the acrylamide gel after migration, increasing the sensitivity up to the point to realize the

proteome profiling of a single cell.

Single cell western blot in capillary or array is already a reality, realized first in 2012 by
Hughes and Herr (A. J. Hughes et al. 2014; A. J. Hughes and Herr 2012), where they used a
UV activable acrylamide that permits to capture the protein after their migration, and
therefore limit their diffusion during their detection by an antibody. If this technique permits to
analyze thousands of single cell, the multiplex is limited to the detection of 11 different
proteins, with the incapacity to detect discrete size change due to the migration length
limitation. Since it is a western blot technique, it used an antibody for the detection of the
protein of interest, with the antibody affinity to its target protein being a limitation for the
detection of the single molecule. In addition, the UV polymerization of the gel in order to trap
the protein will destroy the fluorescence of fluorescent fusion protein, rendering single

molecule detection impossible.

The idea to use a thin gel for protein separation is not new, and displays advantage with its
easy fabrication and quicker steps, especially for the drying compared to traditional size gel
(Heukeshoven and Dernick 1992). The advantages to using a thin SDS-PAGE gel are the
easy fixation of the gel to the microscope coverslip, a small volume of gel to observe under
the microscope and a quick gel drying that will limit the protein diffusion. To realize this, we
first need to bind the polyacrylamide gel to the glass surface. They are a lot of methods to do
this, and we decide to use the couple Bind/Repel Silane glass treatment (Tegelstrém and
Wyoni 1986).

Since the Bind/Repel Silane is a treatment for glass surface, the master need to be realized
on a 1 mm thick glass plasma treated glass, with the plasma treatment allowing the SU-8 to
adhere to the glass surface for a thickness of 204 um. The coverslip glass treatment by bind
silane, also known as 3-methacryloxypropyltrimethoxysilane, permits to covalently bind a
polyacrylamide gel to the glass surface. This is realized by the silanization of the glass by

the bind silane, that also possesses a propen-2-ol function at the other extremity, permitting
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the reaction of the acrylamide. The support glass, that displays the mold for the acrylamide
gel, need to be treated with repel silane, also known as dimethyldichlorosilane, that renders

the glass surface hydrophobic and avoids the polyacrylamide binding.

Acrylamide polymerization of a thin gel needs to be perfectly done, mainly because a
polymerization default has an impact much more important compared to classic gel. Since
oxygen inhibits the acrylamide polymerization, bubbles presence between the two glasses
needs to be avoided, with a small bubble being able to inhibit the polymerization of few
millimeters of gel around it. In addition, the gel homogeneity is also a critical point and can
be realized with a slow polymerization, that sadly has the effect to increase the oxygen
diffusion in the gel. To reduce this effect, we vacuum for 15 to 20 minutes the acrylamide
solution to remove soluble oxygen (20% acrylamide and 7 mM Tris-HCI pH 7.4) and add
0.1% of riboflavin, known to react with oxygen and then slow down the oxygen inhibition
(Massey 2000).

The gel design was the most tedious part. We need a gel big enough to obtain a nice
proteome profile, but not too big to avoid too long acquisition time with the microscope, and
with a standard coverslip size that fit under the microscope. After a lot of trial and error, we
finally decide to use a very simple master that fit a 50 by 75 mm glass (Figure 35). A 20%
polyacrylamide gel was realized with this master, polymerized for 1h30 at room temperature
with a weight of 5 kg, then store in a humid box at 4 degree Celsius before utilization. The
day of use, the two glasses was delicately separated, and the coverslip with the gel was
extensively washed in running buffer (20 mM Tris HCI, 0.2 M glycine and 0.1% SDS) to
remove unreacted components that can interfere with the migration. After putting 1 pl of
sample in each well, migration occurs first at 50 V for 15 minutes, then 500 V for 3 hours, on
a horizontal plate cool down at 20 degree Celsius to avoid heating by the Joule effect. After
migration, the gel was quickly washed with distilled water to remove salt, the excess of water
was carefully removed using an absorption paper then the gel was dried for 30 min at 60
degree Celsius on a hot plate. The gel was pre-visualised using a gel viewer with a Cy3
illumination setting to determine if the migration quality was enough to justify the microscopic

scanning.
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Figure 35: Design for SDS-PAGE. The dark area
represent the polymerized area of SU-8. The total size
is 50 x 76 mm (scale 1:1) with a thickness of 0.2 mm.
The sample loading area are on the top with a size of 1
x 6 mm, allowing up to 1 ul of sample.
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All preliminary experiments and tests were realized using a commercial fluorescent ladder
from Benchmark, composed of 7 proteins at 155, 98, 63, 40, 32, 21 and 11 kDa. Once the
migration conditions previously explained were fixed, we realized a time course of ladder
migration to determine the optimal duration (Figure 36). Since we expect that the most
important part of the proteome profiling is in the high molecular weight, and since the gel that
we use for the protein separation is uniform, we want a long migration time to fully separate
them, justifying the 3 hours of migration even if the band shape are not fully straight
anymore. Another justification for this long migration is that the labeling efficiency of the
proteome is higher when the molecular weight of the protein is bigger, implying that the

fluorescence signal is likely to be stronger.
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Figure 36: Time course of a migration. 1 ul of fluorescent ladder, composed of 7 different
proteins, is migrated at 500 V and imaged at different time point using the gel viewer.
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The gel observation at the microscope was a little tedious, mainly because we want to
observe a big area through a small aperture. If the gel viewer permits to give us an idea
about the gel and migration aspect, it does not have the sensitivity of the microscope, with a
band detection of approximately 3 ng of protein (Figure 37-A). To globally observe the gel
with the microscope, we need to scan the area of interest, and for this purpose, we develop
a macro in Metamorph, where we manually select the center of each well to scan and the
length to scan, then the program will scan around the well (2 mm in total width) and on the
desired length. To keep the focus, the glass is mounted on an homemade support that
presses the glass between two metallic plates, then screw to the stage, and the auto-focus is
realized using an infrared laser every 10 frames. After the acquisition, each image was
treated using ImageJ macro for the laser correction and background subtraction, then the gel
image was reconstructed. Using this method, we are able to visualize a protein band, that
can span through different images and then not be easily visible by looking at the individual
image. The sensitivity of this method is then investigated by diluting the fluorescent protein
ladder, with each protein present at a concentration of 0.1 ug/ul in the pure solution. The
visualization of one band using the high sensitivity microscope does not enable single-
molecule observation, mainly because of the fluorescence background of the gel surface,
but still permits to achieve a sensitivity of 100 of picograms of protein (Figure 37-B). It is
important to keep in mind that the protein ladder is a commercial ladder, with theoretically

100% of the protein being labeled by a fluorescent dye.

A Quantity of protein by band B 3.1 ng of protein Figure 37: Limit of sensitivity of the gel. (A)

25ng 31ng 08ng 0.1ng vGel viewer limitation. Protein migration
155 z MObserved at the gel viewer with the Cy3
98-~

63'! =B OO setting, permit to visualize up to 3 ng of
protein by band, but fail to detect with

0.8 ng of protein

40

32 . accuracy 0.8 ng. The red box design the
region scanned using the microscope. (B)
21 . 0.1 ng of protein Microscope observation of the gel. The

®image is a reconstruction composed of
Mldozens of microscope image, and it is
possible to detect up to 100 of picograms of
protein.
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Using the labeling protocol that we describe in Part 1, we labeled BSA and catalase protein,
mixed them together, and then migrated 0.01 pug of each of them on the gel. BSA has a

molecular weight of 66 kDa, while catalase is a heavy protein of 250 kDa, composed of 4

54



Part Il : Proteome profiling at single molecule level-Profiling on thin SDS-PAGE

subunits with a molecular weight of 60 kDa each(Sund, Weber, and Molbert 1967). We
expect the catalase to be partially or totally denatured, and then detecting two to three
bands, one at 60 kDa, another at 66 kDa and an optional one at 250 kDa. Since the very
high molecular weight of the catalase protein, there is a possibility that this protein is not
entering the gel, or that the migration distance is too small for the protein to penetrate
enough the gel for visualization. When scanning the gel with the microscope, we can
observe the two bands around the middle of the gel. Independent sample on a different gel,
with the similar migration parameters (2h45 versus 2h55) and 2 days apart give the same
peaks and general profile (Figure 38). The thickness of the line for the day 2 is not caused
by the profile, but by a bad tiling effect or illumination correction, causing the fluorescence

intensity at the edge of one image being smaller than the edge of the next image.
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Figure 38: Migration profile of BSA and catalase. With similar labeling and migration
parameters, BSA and catalase give the same profile.

The proteome profiling possesses a large variety of information, however, it will be extremely
uncertain to try a protein identification solely based on the molecular weight approximation.
Then the proteome profile from one cell line does not have a lot of interest, we decide to
compare different cell lines from the breast cancer. Since we can detect as little as 100 pg of
proteins by bands, and that a mammalian cell has around 50 to 75 picograms of proteins, we
decide to analyze 100 cells, for an estimated total amount of protein of 7.5 ng. We expect
around 20 bands in the profile for this number of cell, expecting that it will be enough for a
cell line identification. The cell lines chosen was ordered from ATCC, and three strains were
from epithelial tissue (HTB 132, MDA-MB 231 and MCF 7) while one strain was from
melanoma tissue (HTB 129). These cells are interesting because they can realize the
epithelial to mesenchymal transition, that is a phenomenon that occurs in wound healing,
organ fibrosis and the initiation of metastasis for cancer progression (Kalluri and Weinberg

2009; Lamouille, Xu, and Derynck 2014). Being able to differentiate the proteome profile of
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the two different tissues can permit to identify new biomarkers, better understand the

transition or lead to a quicker diagnostic.

Each cell line was cultivated in Eagle’s Minimum Essential Medium (EMEM) supplemented
by 0.1% of insulin and 10% of fetal bovine serum, at 37 degree Celsius in a CO, incubator.

The cell culture was passed by the trypsin method, wash in PBS 1x, pH 7.4, then re-suspend
at a concentration of 5x10° cells by ml. Taking 0.2 pl of this solution permits to sample 100
cells, that are put in a PCR tube. Immediately after, the cells are lysed by adding 1 pl of
lysing buffer, incubated 5 min at RT, then the proteins are labeled by adding 0.2 pl of 2 pg/ml
Cy3 NHS-ester dye for 15 min at RT. This protein sample can then be stored for several
weeks at -80 degree Celsius. Before use, proteins are unfrozen on ice, then 1 pl of the
labeled proteome was put on a freshly washed SDS-PAGE gel and migrated at 500V for 3
hours. After migration, the gel was washed and pre-visualized with the gel viewer. The
quality control needs to be strict and was composed of 3 points. The first point is the global
quality of the gel and glass, looking at breakpoints, cuts, scratch, dust that can interfere with
the microscope acquisition. The second point looks at the global migration quality, with the
fluorescent ladder migration that needs to be well separated and with a similar aspect of the
gel. The third point is the sample migration quality, with all sample presenting a straight
migration profile being chosen. They were less than 70% of gel that passes the first point,
diminishing to 40% for the second point. The last point is the most severe, with only 1 gel on
4 that pass, resulting in total 1 gel on 10 that success to pass the quality check, but it was

necessary to assure replicative results.

The acquisition is realized by scanning with the microscope using a 30x silicone oll
immersion lens around the well on a length of 4.4 cm, corresponding to 160 images of 274 x
274 pm, with the width varying from 5 to 10 images, depending on how straight was the
migration, allowing to visualize the protein with a molecular weight comprised between 200
to 50 kDa for a 3 hours long migration. The image treatment was done using a homemade
python program, that realized the tiling quicker than imaged and without any resolution loss.
In addition, for each column of pixel (corresponding to the width), outlier pixels were
removed using the 1.5 x interquartile range, where all pixel lower the value of interquartile 1
x 1.5 or higher the value of interquartile 3 x 1.5 were designed as outliers and replace by the
closest not outlier pixel value. This operation normally permits to remove the stronger dust or
hot pixel. After this step, each column was averaged and the proteome profile was then
saved as a text file for further treatment. In our case, we suspect that the baseline is
composed of proteins that we were unable to resolve, and if this signal probably possesses

information, it also makes the visualization of the data more delicate. We then decide to
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remove the global baseline using the exact same function already used and described in
Part 1. Even after this treatment, we still observe some speaks, mainly representing dust,
and the image to image fluorescence intensity variation. To remove then, we then applied an
Otsu filtering to remove the speaks followed by a Savitzky-Golay smoothing. This permits to
generate clean and make the proteome profile looking continuous and easier to compare to

each other (Figure 39).
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Figure 39: Proteome profile of cell line. The proteome profile was obtained after the
migration of 100 cells and microscope scanning. Following the profile extraction, profile
processing permits to remove speaks and image to image fluorescence intensity variation.
Intensity value level were modified to group together similar profile.

Very similar profile are grouped together, with the HTB 132 and MDA-MB 231 presenting a
lot of similar peaks, especially at the beginning and the end of the spectrum, but with some
variations in the middle. On the other hand, HTB 129 and MCF 7 display a similar profile at
the high molecular weight (right part), with more important variations at the low one. Globally,
each proteome profile is different from each other, with around 10 to 15 peaks, but at
different position and intensity. To measure more precisely the difference between two
profiles, we realized a Pearson correlation matrix (Figure 40). When comparing the whole
profile, we show that HTB 132 and MDA-MB 231 are very similar, and the same tendency
can be observed in the first tier and last tier of the profile. In contrast, HTB 129 and MCF 7
are similar in the second and last tier of the profile, but show no correlation in the first tier,
confirming the visual observation of the global profile. Badly, if this Pearson correlation

matrix permits to put a number on the difference or similitude between profile, it does not
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clearly separate the epithelial to the melanoma cell lines, even if HTB 129 (melanoma)

seems to be apart compared to the others.

Whole profile (0 to 80000 pixels)

0 to 30000 pixels

HTB 132 | MDA-MB 231| HTB 129 | MCF 7 HTB 132 | MDA-MB 231 | HTB 129 | MCF 7
HTB 132 1.0 0.99 0.92 0.9 HTB 132 1.0 0.9 -0.02 -0.4
MDA-MB 231 1.0 0.93 0.92 MDA-MB 231 1.0 -0.16 -0.19
HTB 129 1.0 0.96 HTB 129 1.0 -0.2
30000 to 55000 pixels 55000 to 80000 pixels
HTB 132 | MDA-MB 231 | HTB 129 | MCF 7 HTB 132 | MDA-MB 231 | HTB 129 | MCF 7
HTB 132 1.0 0.91 0.6 0.64 HTB 132 1.0 0.97 0.81 0.77
MDA-MB 231 1.0 0.82 0.86 MDA-MB 231 1.0 0.83 0.78
HTB 129 1.0 0.97 HTB 129 1.0 0.92

Figure 40: Pearson correlation matrix of proteome profile. Pearson correlation scores were
calculated for the whole profile (left), or approximately the tier of the profile that seems to
present similar or different parts.

In conclusion, we succeed to obtain the fluorescent proteome profile with 100 cells of 4
different cell types and see some difference between each profile. However, the difference is
more important in the low molecular weight part of the profile, suggesting that the protein
profile at an inferior molecular weight can display more drastic differences. The next step will
be to reduce the migration time of 3 hours to 30 minutes to be able to see the migration
profile of protein from approximately 100 to 20 kDa. This will have the advantage to lead to
less variation between the gels and hopefully results in an easier data generation. At longer
terms, it can be possible to increase the sensitivity by photo-bleaching the gel before the
migration, in order to destroy the native auto-fluorescence or shift to low auto-fluorescence
acrylamide gel. Biologically, comparing epithelial and melanoma tissue is not new, even if
working with 100 cells will permit to reduce the sample amount for this identification. It will be
a lot more interesting to studying the transition epithelial to mesenchymal, that can be
realized using these cell lines and other that we have in the laboratory (KPL 4 and ZR 75-1),

and looking at the proteome profile during the transition to identify potential biomarkers.
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Discussion-Discussion

We have previously shown that we are able to label the majority of the cellular proteome with
a fluorescent dye and to observe it at a single molecule level using high sensitivity
microscopy. We also succeed to measure the labeling homogeneity through the proteome
and see a correlation between the homogeneity and the molecular weight of the labeled
protein. The idea was then to obtain a proteome profile at a single molecule sensitivity.
Badly, the two methods that we try, capillary electrophoresis and SDS-PAGE did not allow
the single molecule detection in the tested conditions. In case of the capillary
electrophoresis, it is probably because of the molecule migration during the acquisition, that
dilutes the signal in a bigger volume and renders it more difficult to detect. For the SDS-
PAGE case, the use of a smaller NA objective lens (30x, silicon oil immersion, NA 1.05) can
be one explanation to the inability to detect a single-molecule, while another explanation can
be the gel autofluorescence, or the gel thickness, too important. Even though we were
unable to visualize single-molecule, we still improve the sensitivity of the proteome profile
measurement with the SDS-PAGE, by being able to measure and differentiate different cell

lines based on 100 cells.

Like defined previously, the proteome is the ensemble of protein expressed at a given time
by a cell. From UniProt, the human proteome is composed of 92179 proteins, counting for
the splicing variant, but not the nearly unlimited number of post-transcriptional modifications
that proteins can undergo. It is important to precise that all proteins are not express in a
given cell, only a portion of it, and is estimated to be around 15000 proteins. However, a
portion of these proteins are invisible to classical method, mainly because some of them are
transmembrane proteins that tend to precipitate when the cell is lysate, or that is already in a
3D conformation that does not allow its analysis. These proteins can account for up to 54%
of eukaryote or virus proteome and are referred as the “dark proteome” (Perdigdo et al.
2015). The protocol developed in part 1 for protein labeling obviously do not take into
account this portion of the proteome. In our case, the labeled portion of the proteome is
suspected to label a majority of accessible protein. It will be very interesting to variate the
cell lysis condition as well as the labeling conditions to observe the evolution in the labeling
efficiency and homogeneity. For example, we can imagine a condition that will extract more

efficiently acidic or basic protein by adjusting the pH of the solution. It is also possible to sub-
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fractionate the cell to label only some cellular compartment like the nucleus or the Golgi for
example (Drissi, Dubois, and Boisvert 2013).

Checking which part of the proteome is labeled also lead to the question of how the labeling
really occurs. In the current setting, the cyanine dye is linked to an NHS function, and we
have shown that this function links the dye to lysine residue as well as the NH2 terminal
function of the protein. We can, however, argue about what happened about the other
residue, more precisely about the arginine or histidine that are both parts of the same type of
amino-acid than the lysine, and both possess amine function. This NHS function is also
known to react less specifically with other amino-residue like the OH function of the tyrosine
(W.-C. Yang et al. 2006), leading to some unspecificity. It is then interesting to realize a
similar study to the one present in Figure 24, where the LO was compared to the average
number of lysine present in each proteome fraction. It is possible to count each and every
amino-acid occurrence in each protein (Figure 41), and we can observe in this case that
most of the amino-acid residues do not present a fitting with the LO. The lysine (K) stay the
best match, confirming that the reaction mainly occurs on the side-chain amine, but the
Proline (P) and the Alanine (A) also show a good fitting, even if both of them are not known
to react with the NHS-ester. In addition, we also test the fitting with the total number of
amino-acid in the protein, or so the size, and do not see a good fitting. This information
support that the labeling reaction occurs mainly between the dye and the lysine residues,
even if more work is necessary to rule out the possibility of nonspecific reaction of the dye

with other amino-acid.
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Figure 41: LO fitting with all different amino-acid residues. The LO values used are the
same as in the Figure 24, with the amino-acid counting identify here by there single
letter code. In addition, the total protein size is also plot with the denomination nall, for

counting all amino-acid.
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Going further a little more, we can also argue about the biotinylation process used for protein
immobilization, that is critical for the LO determination. The biotinylation protocol used here
is a very classical protocol that is daily used in the laboratory (Elia 2010). However, we didn’t
quantify this biotinylation efficiency, mainly because we suspect that labeled proteins are
fully accessible for biotinylation. This can also mean that the LO is being overestimated
because unlabeled protein is less likely to be biotinylated. On the other hand, we also
suspect that over-labeled protein is more likely to be unstable due to the change in their
hydrophobicity caused by the dye, leading to an underestimation of the LO. One interesting
solution will be to double purify the labeled protein. The first purification will be to remove
unreacted reagent, like the unreacted biotin and dye by using a size exclusion column for
example. The second purification will be an affinity chromatography using immobilized avidin
or streptavidin column (Bayer and Wilchek 1990). By comparing the CE value before and
after the second column, it may be possible to estimate which proportion of protein is lost.
However, it will not inform if this loss is homogeneous through all type of protein, or favorize

some specific protein type.

Another point to take in consideration is the immobilization of the protein on the coverslip.
Since the labeled protein is biotinylated, and the coverslip is cover by avidin protein, we
expect that the reaction biotin-avidin to be strong enough to tightly bind the labeled protein to
the glass surface during the observation time. This force is one of the strongest non-covalent
force but can be moved out during the coverslip washing. One experiment that can confirm
the washing force will be to compare the avidin density before washing using the exact
number of fluorescent biotin. Another way is to increase the force between the biotin and the
anchor by using the streptavidin, that requires a stronger force before separation (Lo et al.
1999).

Finally, another to point that can be changed is the way to check the avidin density. In our
current protocol, a separate coverslip treated exactly like the sample coverslip, is used with
fluorescent biotin to determine the maximum density, and then the positive control. This
control main flaw is that it is assumed that the treatment is exactly similar. The replicability

experiment suggests this is the case, but a more sophisticated control can think about, like
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for example to add after the sample reaction and coverslip washing, a fluorescently labeled
biotin that is spectrally different from the protein labeling. By imaging the two channels at the
same time, it will be possible to estimate the number of unoccupied sites and then correct
the LO from underestimation. It will also provide a control of saturation of the sample
compared to the number of active sites. One of the best control will be to have already
labeled avidin or streptavidin (already commercially available), again with a different
excitation/emission system to the labeled protein, and then to be able to determine the LO
directly for each image, since one color will be the total number of sites, while the other color

will be the labeled protein.

Quantitative proteomics is a growing field, with the main trouble is to identify and quantify at
the same time the proteome of a biological sample. If mass spectroscopy is the main method
to identify proteins, its quantification is generally relative, with the absolute quantification
necessitating bias correction depending on the detected analyte (Nikolov, Schmidt, and
Urlaub 2012). At the other hand, gel-based proteomic, through 2D-DIGE, is able to obtain a
reliable relative quantification and with rigorous control, an absolute quantification (Von
Bergen et al. 2011). In this case, however, the protein identification is generally lacking, and
necessitate either immuno-identification by using antibodies or mass-spectroscopy based
identification by extracting the protein of interest from the gel. However, accessing the
protein identification is not always necessary, with the profile containing enough information
for the objective, for example, cell identification or biomarker detection (Lawrie, Fothergill,
and Murray 2001). With this idea in mind, increasing the sensitivity of the analysis can allow
the same kind of identification with fewer cells, or better to see the cellular heterogeneity
allowed by single-cell analysis, with keeping the quantification of the proteome rigorous.
Actual techniques that permit to realize single cell analysis still focus more on the
identification than quantification (A. J. Hughes et al. 2014; Tentori, Yamauchi, and Herr
2016), but the next step will be to add and improve an absolute quantification at their
analysis. This quantification will either be by using fluorescently labeled antibodies, like
actually or can concentrate on the whole proteome by using a nonspecific labeling method.

However, to enable an absolute quantification, that necessitate reaching the single molecule
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level to analyze low express protein in a single cell, knowing how the protein is
homogeneously labeled can permit to furnish a correction factor to improve the
quantification. In this case, the correction factor may be the LO.
It is actually possible to test that the LO is the correction factor by using data already
generated, especially those from the migration of labeled cell lysate experiment, visualized
by fluorescence or by CCB, that theoretically allows the visualization of all the protein.
Proteins can be separated by their size, but also by their abundance to create a heatmap of
30 by 30 units on their log10 scale axis, allowing a greater readability. The first parameter to
look at is the lysine number by protein (Figure 42 A), where it is obvious that big protein has
on average a higher number of lysine. Little more unusual is the abundance of repartition,
with the high number of lysine protein presenting a low abundance, especially at a high
molecular weight. It is also possible to make the heat-map of the LO value, creating an
obvious column pattern of different and mainly separated molecular weight with different LO
value (Figure 42 B). The cyanine 3 and CCB molecular weight mapping is using the same
system described in the results, with the value in the heat-map being the normalized
intensity value. The low resolution of the heatmap does not allow to capture all the bands of
the different protein at a different size that we can see on the gel, but instead mix them, even
if it is still possible to see some bands, especially on the cyanine 3 heatmap (Figure 42 C
and D). Following the hypothesis that the lysine is the most important factor to allow a
homogeneous labeling and then enable a better quantification, the lysine heatmap represent
the wished results that we want to obtain after correction of the fluorescence intensity by the
LO. Ideally, this correction follows the formula established in part 1:

LO =100 - 67.6xexp(-0.036xnys)
where we want to obtain the parameter nys, so with the modified following formula:

niys = log((LO-100)/-71.5)x(Cyanine 3 intensity/-0.039)
Making the fluorescence intensity being corrected by the LO to inform about the number of
lysines, number from which the dynamic can be compared with the original assumption
(Figure 42 E). We can then observe that the number of lysines is globally underestimated,
but the dynamic between the theoretical and the calculated number is quite similar. From this

point, it is also possible to calculate and visualize the number of fluorescent dye that can be
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fixed on the protein (Figure 42 F). In this case, without surprise, the number of dye quickly

saturate to the maximum, equal to 3.3.
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Figure 42: Heatmap to determine the correction factor efficiency. Both axis on all heatmap
are on log10 scale. A. Theoretical average lysine number heatmap. B. LO heatmap. C.
Cyanine 3 fluorescence intensity extract from cellular profile on SDS-PAGE gel. D. CCB
intensity extract from cellular profile on SDS-PAGE gel. E. Correction factor apply using the
formula nlys = log((LO-100)/-71.5)x(Cyanine 3 intensity/-0.039). F. Average number of dye
by protein.
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The proposed correction is validating the original model that was assuming that the number
of lysines is important to obtain a high labeling homogeneity. It also proves that it is possible
to correct results from a bulk experiment to obtain more quantitative results, enabling a wider
use of the LO for protein labeling efficiency measure or for proteome quantitative
measurement. However, this correction factor by itself is not a guarantee of quantification,
and if it is validated on an ensemble of protein like a cell lysate, it is very likely that this
correction factor needs to be measured to allow a better accuracy in the case especially in
the case of specific protein. Indeed, during the protocol development, several purified
proteins have been tested for the LO, like the catalase, avidin or lysozyme. In case of the
lysozyme, the LO was at 74%, but we lose around 90% of the protein by precipitation, and
then only measure the LO of the solubilize part. We do not know of the labeled proportion of
protein is identical between the precipitate and solubilize protein, meaning that we do not
know if the LO, and then the correction factor is correct in this case. It is then easy to make
the parallel between this example and some specific proteins. For example, histone proteins
are basic proteins, and classical protocol for their extraction require an acid extraction
(Shechter et al. 2007), signifying that our current protocol, that works at a basic pH, is
unlikely to solubilize and label them. This parameter, the protein solubility in solution, is still

an open question in biochemistry.

The next step will be to enable the single molecule visualization of a proteome profile. This
will allow absolute quantification, especially with the addition of the labeling occupancy with
its correction factor. Single molecule sensitivity will also open the door to the single cell
proteome profiling, enable the characterization of mechanisms like cell differentiation or cell
communication, especially for low express proteins that are only present in a few copies in a
single cell, and allow a better understanding of the central dogma at the single cell level.

When trying to separate protein in a microfluidic channel by microchip, the separation
resolution was not enough to enable the analysis of a cellular proteome. However, capillary
electrophoresis (CE) is already able to analyze a proteome profile with its capacity to resolve
thousands of protein size (Wilson et al. 2015), justifying the use of the CE. Protein detection

using a CE is realized using a laser-induced fluorescence (LIF) detector, that lack sensitivity,
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limiting the minimum amount of sample to few thousands of cells. The easy solution will be
to replace the LIF detector by single-molecule microscopy. The main down point of this is
that the capillary glass thickness is around 150 ym, with the inside diameter at 50 ym,
posing trouble for the working distance of single molecule objective lens (around 120-150
pum). In addition, the volume observed is a fraction of the volume of the capillary, resulting in
a lower sensitivity. To solve these trouble, treating the outside capillary wall by hydrofluoric
acid permit to obtain thinner capillary wall of 40-50 ym, and the observation of a cross-
section of the capillary can be realized by a light sheet microscope (Figure 43 A), allowing
the observation of the large portion of the migration volume, and then the counting of single
molecule.

We design a proof of concept experiment with this kind of setting, and successfully observe
single molecule signal of a fluorescently labeled BSA diffusing in the CE using a light-sheet
microscope (Figure 43 B). This project will continue with the migration of purified protein first
in a 1-meter length CE before direct observation with the light-sheet microscope, followed by
labeled cell lysate then single cell. The background is still too high to enable single molecule
detection and counting with a high confidence, even if a brighter single molecule can be
observed, but can be improved by a better control of the component of the migration. This
experiment can open the door to single molecule proteomic, and in the future, a possible
combination between the microscope fluorescence quantification and the mass-

spectroscopy protein identification.
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Figure 43: Light-sheet microscopy for capillary electrophoresis. A. Side view of the
handmade light-sheet microscope, with detailed view of the observation area with the
capillary. B. Timelapse images of single molecule labeled BSA migration.

On the first part of this thesis, the labeling homogeneity proposes a correction factor allowing
a more rigorous fluorescence quantification. Like previously discussed, this can be applied
outside the single molecule domain, enlarging the possible application to classical
biochemistry with 2D-DIGE. However, the actual proteome profiling is mainly using mass-
spectroscopy and shotgun analysis, less quantitative, but more qualitative. The fluorescent
proteome profiling, even if containing a lot of information, is not satisfying enough, being
unable to identify a or a set of proteins of interest, making the LO measure irrelevant. One of
the domains that can profit the more about the LO measurement is the antibody labeling. A
lot of commercially available antibodies are fluorescently labeled with a dye, especially the
secondary antibody. However, the main companies selling such antibodies generally do not
inform about their labeling efficiency, CE or DoL. For an application like super-resolution
microscopy, where the number and position of a single molecule are important, antibody
information is not found at single molecule level, but at best as a CE measure that has been
optimized to be equal to 1. In this case, the LO can permit to calculate the probability that a
single molecule signal is overlapping with itself because of a double dye on a single antibody
and to correct the total number of single molecule counted. Another application with an

antibody that is more global is the use of the correction factor when protein is quantified by
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fluorescence WB. If fluorescence WB can be directly used for relative quantification,

absolute quantification needs the correction factor, or at worst the CE.

The interest for the proteome profiling resides in the multiple possibilities of utilization. In
research, it can be used to found new biomarkers, even if it does not allow a strict
identification. Since biomarkers are mainly used for cell identification, their identification and
characterization are an important task. In the biomedical field, a quick and cheap method to
acquire the proteome profile can permit to determine the action of a drug on a given cell, and
possibly discover new action mechanism. The field that can have the higher merit in the
application of proteome profiling will be the clinical field. The quick identification of biomarker
in a sample will permit a quick diagnostic. In addition, the high sensitivity will permit to
reduce the sample amount used for this analysis, allowing the use of other technique for
cross-validation or a smaller starting sample from the initial biopsy. The sample can not only
be a cell or a tissue sample, but can also be any other form of liquid sample like the blood
plasma, the cerebrospinal fluid or the eye vitreous body for example, for the identification of
biomarker that can reveal a disease (Geyer et al. 2016; Guldbrandsen et al. 2014; Murthy et

al. 2014).
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Résume étendu en Francais

Introduction

L'expression des protéines d’'une cellule est un phénoméne qui se décompose en deux
étapes principales, la transcription et la traduction. Certaines génes sont fortement régulés
de part l'activité de leur promoteur, en résultant des piques de transcription lorsque le
promoteur est activé. LARN messager en résultant posséde également une durée de vie,
qui peut étre plus ou moins courte, avant d’étre finalement traduit par le ribosome. Tous ces
phénoménes peuvent produire des piques de production de protéine aléatoire, ce qui produit
une hétérogénéité dans la population cellulaire. De telle variabilité dans I'expression de
protéine peut amener a divers phénotype cellulaire et affecter une large gamme de fonctions

cellulaires, incluant le développement, I’homéostasie et la progression de maladie.

Comprendre les causes et les conséquences de la variabilité dans I'expression génétique
nécessite une quantification précise des ARNm et des protéines au niveau de la cellule
individuelle. Compter des molécules ARNm dans une cellule individuelle est actuellement
réalisé grace a la combinaison d’appareil manipulant des cellules individuelles et au
séquencage de nouvelle génération. En revanche, compter des protéines est plus difficiles,
et nécessite la manipulation génétique, des anticorps ou de techniques plus sophistiquées.
Des techniques ont ainsi été développées afin de pouvoir mesurer plusieurs protéines sur ou
dans la méme cellule individuelle, comme la cytométrie ou le Western-Blot a cellule
individuelle. Cependant, ces techniques fournissent au mieux une quantification relative et
eéchouent généralement a détecter des protéines faiblement exprimées qui ne sont
présentes qu’'en quelques copies, qui peuvent étre de facteurs de transcription ou des

régulateurs de I'état cellulaire, protéines pouvant changées le phénotype cellulaire.

Afin de détecter de telles protéines, il est nécessaire d’augmenter la sensibilité des tests,
jusqu’au niveau de pouvoir compter les protéines individuellement d’'une cellule individuelle.
Il est actuellement déja possible de compter des protéines d’'une cellule unique. Une des
techniques les plus prometteuse est le nanopore, qui permet non seulement de détecter
quand une protéine passe a travers le nanopore, mais également de les identifier de part
leur séquence. Cette technique est cependant toujours immature, et les anticorps marquées
de maniére fluorescente ou chimique sont actuellement les plus utilisés. Dans ce cas, les
anticorps sont isolées de maniéres a pouvoir les compter, soit dans des micro-puits, des
micro-billes ou sur une micro-puce. Les méthodes reposant sur les anticorps sont cependant
limitées dans leur possibilité d’analyser le protéome, ou I'ensemble des protéines, d’'une

cellule unique, de part la disponibilitée de ces anticorps. Afin d’analyser tout un protéome, la
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spectroscopie de masse est I'outil le plus populaire, mais ne permet pas une telle sensibilité.
Une autre méthode est de marquer de maniére non spécifique le protéome cellulaire avec
une sonde fluorescente, suivi d’'une séparation des protéines. La thése se décompose en
deux parties, la premiére sur la méthode développée pour marquer le protéome et comment
cette méthode a été validée, et la deuxiéme partie est consacrée a la séparation du

protéome cellulaire marqué afin d’obtenir un profil protéomique.

Reésultats

Détermination de ’homogénéité de marquage

Les marqueurs fluorescent réactifs sont communément utilisés dans le cadre
d’électrophorése sur gel, en particulier dans le cas d’électrophorése différentielle sur gel en
deux dimensions (2D-DIGE). Dans ce cas, les marqueurs fluorescents les plus utilisés sont
de type cyanine, avec Cy3 étant le marqueur le plus utilisé de part ses propriétés
d’illumination similaire au TRITC. Ce marqueur est utilisé pour la détection de molécule
individuelle, incluant des protéines, et peut également posséder un site réactif lui permettant
de reconnaitre des protéines. |l est actuellement non réalisable de marquer tout le protéome
avec ce marqueur, il y aura toujours une portion des protéines qui ne seront pas solubles ou
certaines protéines non marquées parce que le site de réaction ne sera pas accessible. Il
est donc nécessaire de connaitre cette proportion avant de pouvoir quantifier les protéines,

spécialement dans le cas d’'un comptage de protéine individuelle.

Actuellement, la maniére la plus commune de l'efficacité de marquage est la mesure de
I'efficacité de couplage (CE), aussi appelé degré de marquage (DolL), et consiste en un ratio
de la quantité de marqueur et de la quantité de protéine au spectrophotométre. Parce que le
CE est une mesure en masse, il n’est pas possible de mesurer ’lhomogénéité du marquage,
que I'on définie comme étant la proportion de marqueur par protéine. pour pouvoir réaliser
cette mesure, il est nécessaire d’étre capable de mesurer 'lhomogénéité du marquage au
niveau de protéine individuelle. Nous appelons la proportion de protéine marqué par au
moins un marqueur l'occupation de marquage ou LO. Le LO représente ainsi la probabilité
de marquer la protéine et peut étre utilisé comme facteur de correction afin d’estimer le

nombre absolu de protéines.

Pour mesurer le LO, il est nécessaire de pouvoir compter la totalité des protéines, puis
uniquement celle qui sont marquées. Vu qu’il n’est pas possible de compter quelque chose
qui n’est pas marqué, on a décidé de fixer par un point d’ancrage un nombre fixe de

protéines sur une lamelle de microscopie, qu’elles soit marquées ou non. En connaissant la
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densité de point d’ancrage, ici l'avidine, il est possible de connaitre le nombre total de

protéine individuelle, puis de mesurer la proportion de protéines marquées (Figure 44A).
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Figure 44: Principe et validation de la mesure du LO. A. Une densité fixe d’avidine est
fixée a une lamelle de microscopie apres un traitement au plasma, et I'échantillon de
protéine biotinylée marquée par fluorescence est déposée sur la lamelle (a), ou sont
compter les signaux fluorescent. Ce nombre est ensuite comparer avec la mesure du
nombre d’avidine, visualisé sur une seconde lamelle a l'aide de biotine marquée (b). B.
Contréles pour la réaction avidine-biotine, avec les fleches indiquant le nombre de
sites actifs de I'avidine reconnus, la derniére image étant une mesure du LO avec de la
BSA. C. Comparaison entre le LO estimé a partir du CE (LOCE) et observé par
protéine individuelle (LOObs). La régression linéaire est montrée par la ligne noire
(R2=0.95). D. Intensité moyenne du signal d’une protéine unique a travers différente

dilution de la protéine marquée.

# de compte de (b)

Avant de pouvoir utiliser ce test, des étapes de validation sont nécessaire. La réaction
avidine-biotine utilisé ici est trés spécifique, et avec 4 sites réactifs par avidin, on peut avoir
jusqu’a quatre biotines par ancre dans le cas du contrdle positif (Figure 44B), méme si la
majorité des avidines ont entre 1 ou 2 biotines. Le contréle négatif montre que la biotine
n’est quasiment pas absorbée sur la lamelle de verre, et la derniére condition montre de la
BSA marquée par fluorescence, avec deux pics, qui représente probablement une protéine
fixée a l'avidine marquée par une ou deux marqueurs fluorescent. Pour vérifier si les deux

pics de la BSA est bien le résultat de la fixation d’une seule protéine, une solution est de
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diluer cette protéine marquée dans de la protéine non marquée, et mesurer par le CE (LOce)
et comparer aux résultats par protéine individuelle (LOobs), oU I'on observe une diminution
linéaire du signal dans les deux cas (Figure 44C). De plus, le nombre de marqueur moyen
mesurer par protéine individuelle reste constant quelque soit la dilution de la protéine
marquée, signifiant qu’il 'y a qu’une seule protéine de BSA par point d’ancrage, ou
d’avidine (Figure 44D).

Afin d’avoir des résultats comparables, il est nécessaire que I'échantillon soit en excés vis-a-
vis du nombre de site d’avidine présent sur la lamelle. De plus, lors de I'étape de marquage,
le marqueur fluorescent doit également étre en exceés, jusqu’a 20 fois. Enfin, la lamelle peut
présenter des hétérogénéité dans la densité d’avidine fixée, et il est nécessaire d’acquérir au
moins une cinquantaine d’'images a différentes positions afin d’obtenir une mesure précise.
En respectant ces paramétres, il est possible d’avoir une grande reproductibilité avec un

minimum de variations entre différentes mesure.

L'efficacité de marquage est dépendante des conditions d’accessibilité du marqueur
fluorescent avec la protéine, et plus précisément avec les résidus de lysine. Cependant, tous
les résidus ne sont pas identiquement accessible, sans compter les variations de structure
de la protéine. La solution la plus simple est de complétement dénaturer la protéine d'intérét
afin qu’un maximum de site réactif soit accessible et ait la méme structure. L'homogénéité
du marquage de la BSA est le paramétre que I'on souhaite moduler, et pour ce faire, la
dénaturation peut étre réalisée par une augmentation du pH, une réduction de la protéin et
la présence de détergent et de tensioactif. Différente composition de ces paramétres ont été
testée, et I'on observe qu’un protocol de marquage classique est d’environ 30%, alors que
rajouter des éléments ou d’augmenter le pH permet de la hausse du LOobs, et donc de

I’lhomogénéité du marquage (Figure 45).

I [Op
0 7 3aLo, -5
Condition Tampon CTT SDS | Tween20 | CHAPS 804 @ ﬁmarquew
A 1x PBS pH 7.4 1 mM 0.1 % 0.1 % 0% 70 4 = 4
B 50 mM borate pH 12 1 mM 0.1 % 0.1 % 0 %
C 50 mM borate pH 12 | _1mM | 0.1 % 1% 0% 60 g
D 50 mM borate pH 12 T mM 1% 0.1% 0 % S50 @ B S|
E 50 mM borate pH 12 T mM 1% 1% 0% S 40 - 3
F 50 mM borate pH 12 | 10mM 0.1% 0.1 % 0% = = 2 §
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Figure 45: Homogéneéité du marquage de la BSA a différente condition. La condition A
est la condition native, alors que les conditions B a J sont de plus en plus
dénaturantes. Le LOObs est en bleu, le LOCE est en bleu clair et le nombre moyen
de marqueur est représenté en rouge foncé.
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Marquer des protéines purifiées est une pratique courante, spécialement dans le cadre du
marquage des anticorps. Il est cependant peu fréquent de marquer un protéome en entier,
principalement car des pertes sont inévitables, avec des protéines peu ou pas soluble dans
la condition testée, méme si cela est réalisé dans le cadre de DIGE. Cependant, réaliser le
marquage du protéome et mesurer ’homogénéité du marquage peut permettre de corriger
des biais, spécialement en comptant au niveau de protéine individuelles. La méthode la plus
rapide consiste a faire migrer des protéines déja marquées par fluorescence sur un gel de
SDS-PAGE afin de les séparer par la taille, puis de les marquer de maniére non spécifique
avec un autre marqueur, comme le bleu de Coomassie (Figure 46A) afin de comparer les
profils de migration. Dans cette expérience, on peut observer un profile de migration
similaire, méme si l'intensité de certaines bandes sont différentes. Par la suite, des bandes
du gel, représentant des protéine de différent poids moléculaire ont été excisées, les
protéines extraites et finalement le LO mesuré (Figure 46B). On peut dans ce cas observer
que les protéines de faibles poids moléculaire ont un LO plus faible, donc une plus grande
hétérogénéité dans le marquage, comparé a des protéines de plus haut poids moléculaire
(Figure 46C). L'explication la plus simple est que le nombre de site actif susceptible de
réagir avec le marqueur fluorescent, la lysine, est présent en plus grand nombre sur des

protéines de grand poids moléculaire.
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Figure 46: Homogénéité du marquage a travers le protéome. A. Comparaison entre le
marquage au bleu de Coomassie et fluorescent. B. En bleu, les protéines extraites de
bandes et en rouge les protéines extraites de régions. C. Mesure du LOOBs du protéome
entier, des bandes et des régions spécifique du protéome en bleu, et en rouge foncé le
nombre moyen de marqueur par condition.

Durant ma thése, jai dévelopé une méthode pour mesurer '’hétérogénéité de marquage

d’'une echantillon, que cet echantillon soit une protéine purifiée ou un une complexe mixture
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de protéine. |l faut cependant prendre en compte certains point avant d’appliquer cette
mesure d’hétérogénéite.

Le premier point est sur la passivation de la lamelle de microscopie. Afin de fixer la protéine
d’avidine sur la lamelle, il est nécessaire de complétement enlever toute poussiére qui
pourrait contribuer a faire du bruit, mais également pouvoir fixer la protéine. Ce nettoyage
est réalisé avec un traitement au plasma, qui permet en méme temps l'activation de la
lamelle autorisant la fixation de l'avidine. C’est un traitement extremement simple, mais qui
est également sujet a des hétérogénéités, ce qui peut amener a des erreurs dans le
comptage. Ces erreurs sont normalement réduite par le grand nombre d’'images utilisé pour
déterminer le LO, mais il peut également étre possible d’améliorer le protocol de passivation
et de réduire le nombre de faux positif en réutilisant des protocoles utilisés pour I'analyse de
protéine unique par FRET. Dans ces protocols, le nettoyage est réalisé par une solution
d’hydroxide de potassium, et la passivation par des molécules de PEG. Parmis ces PEG,
certains ont été modifiés pour exhiber une biotine a une extrémitée. En contrélant la
proportion de PEG-biotine, il devient possible de contrdler la densité de molécule unique que
I'on peut compter de maniére plus précise que I'actuelle protocol. Cela permettrai également
réduire le nombre de protéines qui sont absorbées sur la surface en verre, et donc le

nombre de faux positif:

Il est possible d’estimer le nombre de lysine de chaque bande ou régions extraites du gel. La
base de données UniProt informe sur la séquence et le poids moléculaire de chaque
protéines, alors que la base de donnée Paxdb fournit 'abondance de protéines dans
certains type cellulaire. Le lysat cellulaire ayant été obtenu a partir de cellule humaine Hela,
il est possible de calculer une moyenne pondérée entre 'abondance et le nombre de lysine
pour chaque protéine exprimée dans les cellules Hela, puis de les séparer par poids
moléculaire correspondant aux bandes ou régions extraites du gel. On observe dans ce cas
une relation entre le nombre du lysine et le LO ou le nombre moyen de marqueur, que I'on
peut synthétiser avec les équations suivantes : LO = 100 — 71.5exp(-0.039nys) et Nmarqueur =
3.3 - 2.6exp(-0.08nys ). Si le LO se rapproche de 100% lorsque le nombre de lysine
augmente, le nombre de marqueur par protéine sature rapidement aux alentours de 3

marqueurs par protéines.

Le protocol développé pour mesurer I'hétérogénéité de marquage d’'une protéine a permis
d’optimiser le protocol de marquage afin d’augmenter la proportion de protéines marquées
et de diminuer I'hétérogénéité de marquage, mais a également permis de mesurer la
proportion de protéines marquées d’un lysat cellulaire. En fractionnant ce lysat cellulaire, on

a pu mettre en évidence que le nombre de lysine de la protéine est le facteur critique afin de
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permettre a la fois un marquage homogéne et efficace. Ce protocol a également permis de
mettre en évidence qu’il est possible de marquer de maniére non spécifique une partie
représentative des protéines composant le protéome cellulaire, mais qu’il est aussi

nécessaire de séparer ce protéome afin de pouvoir en extraire des informations.

Séparation de protéomes pour profilage
La profilage de protéome est I'information concernant toutes les protéines présente dans un

échantillon biologique a un moment donné. Ce profil peut étre utilisé a des fins
d’identifications d’échantillon ou afin de découvrir et comprendre des mécanismes cellulaires
ou moléculaires. Ce genre de profil peut facilement étre réalisé par techniques de séparation
des protéines comme le SDS-PAGE ou le focus isoélectrique, ou plus récemment avec la
spectroscopie de masse. Une augmentation de la sensibilité de ces techniques est
recherchée, principalement afin d’augmenter la détection de protéines de faible abondance
ou de diminuer la quantité d’échantillon. Dans cette optique, atteindre une sensibilité jusqu’a
une molécule individuelle serait utile et permettrait de révéler de nouvelles informations,

particulierement sur l'identification de cellule cancéreuse.

La séparation de protéines d’'un échantillon aussi complexe qu’un protéome de cellule
humaine est principalement basé sur une séparation sur la taille des protéines, comme
décrit dans la partie 1. Cette séparation peut étre réalisée par différente méthode, comme le
SDS-PAGE, I'électrophorése en capillaire ou par chromatographie d'exclusion stérique.
Chaque technique dispose de ces avantages et inconvénients, mais on va surtout se
concentrer sur le SDS-PAGE et I'électrophorése en capillaire qui sont les plus a méme

d’atteindre la sensibilité désirée.

L'électrophorése en capillaire (CE) est une famille de méthode de séparation par electro-
kinetic réalisé dans des capillaire ou des micro-canaux d'un diamétre de quelques
micromeétres. CE est une technique qui permet de séparer les protéines par leur taille et leur
propriétés ioniques, qui sont déterminé par la composition en amino-acide de la-dite
protéine. Lorsqu'une protéine est soumise a un champs électrique, elle va se déplacer vers
I’électrode ayant une charge opposée a sa propre charge. Les ions du buffer composant le
milieux liquide réagissent également de la méme fagon, créant un flux électro-osmotique. Vu
que le flux électro-osmotique est plus grand que le flux des protéines, les protéines font se
faire emmener par ce flux dominant. Ceci va résulter en la séparation des protéines, avec
les protéines de grosses tailles fortement chargées migrant rapidement alors que les
protéines de petites tailles fortement chargées passeront devant le détecteur en dernier. Ce
phénomeéne est d’autant plus accentué si les protéines sont en présence de SDS, ce qui va

uniformiser leur charge électrique dépendant de leur taille.
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Nous avons tenté de séparer des protéines dans une puce microfluidique a base de PDMS,
doté volontairement d’'une conception simple, appelé double T, qui permet la concentration
d’un petit volume d’échantillon, ici 0.5nl (Figure 47A), et d’'un capillaire d’'une longueur totale
de 2 cm. Dans un premier temps, nous avons marqué avec un marqueur fluorescent deux
protéines, la BSA et le lysozyme, que nous avons ensuite injecté séparément, puis nous
avons observé la fluorescence a la fin du capillaire a l'aide d’un microscope a haute
sensibilité. La migration a été réalisée a 500V, soit 250V/cm, et permet la migration des
protéines en moins de 5 secondes, ce qui est consistant avec la littérature. Lorsque les deux
types de protéines sont mélangés, on observe bien I'apparition de deux pics, qui représente
la séparation des protéines (Figure 47B). Cette séparation n’est cependant pas trés
importante, surtout sachant que le lysozyme est une petite protéine d’environ 16 kDa alors
que la BSA est une protéine de poids moléculaire moyen de 56 kDa. Si comme on
I'attendait, la BSA est bien séparée en premier, la vitesse de migration est telle qu’elle ne

permet pas une séparation bien net.
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Figure 47: Séparation de protéines par puce microfluidique. A. Agrandissement du double
T. Un systéme de valve permet de contrler l'injection de I'échantillon et la migration. Le
rectangle rouge correspond au volume d’échantillon qui va migré, soit 0.5 nl. B. Profil de
migration de protéines purifiées ou mélangées. En haut, temps de migration de protéines
purifiées ou du marqueur seul. En bas, profil de migration de la BSA et du lysozyme
aprés purification.

Afin d’améliorer la séparation des protéines, et donc la résolution de la micropuce, on a
essayé la méme séparation avec un capillaire d’'une longueur de 35 cm, ainsi que
I'incorporation d’'un polymére normalement utilisé en capillaire en verre. Malheureusement,
appliqué un voltage de 250V/cm résulte en I'évaporation du tampon dans le capillaire par

I'effet Joule, et réduire ce voltage résulte en une absence compléte de migration.

En conclusion de cet essai, il est possible de séparer quelques espéces de protéines dans
une micropuces, cependant, ces puces ne disposent pas de la résolution pour séparer les

dizaines, voir les centaines de protéines majeures composants le protéome. De plus, les
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quelques essais pour séparer des protéines par microfluidique reposent principalement sur
des puces en acrylique (PMMA) qui est plus inerte que le PDMS vis-a-vis des protéines, et
augmente leur résolution en séparant les protéines sur deux dimensions, généralement la

taille et 'hnydrophobicité.

Une autre possibilité pour séparer les protéines est d’'utiliser une des plus vieille technique
de séparation : le SDS-PAGE. Afin de pouvoir observer un gel de SDS-PAGE sous le
microscope afin de détecter des molécules individuelles, il est nécessaire de le modifier afin
de réduire I'autofluorescence et d'utiliser un gel plus fin afin de concentrer le signal. Enfin, il
est également nécessaire que le gel soit fixé sur un support permettant sa visualisation par
un microscope. Afin de réunir toute ces conditions, le gel d’acrylamide est fixé sur une
grande lamelle de microscopie de 50 sur 75 mm en rendant la surface du verre réactif apres
réaction avec du Bind-Silane. Le moule est lui réalisé en utilisant de la lithographie, et
présente une épaisseur de 0.2 mm, avec 11 puits de 1 sur 5 mm chacun, permettant
l'injection de 1 microlitre d’échantillon par puit, et traité avec un réactif hydrophobe afin

d’éviter la polymérisation du gel sur sa surface.

Le temps de migration a été déterminé expérimentalement en faisant migrer un standard de
taille fluorescent, visualiser par un observateur fluorescent de gel (Figure 48A) et a été fixé a
180 minutes afin d’optimiser la séparation de protéines de haut poids moléculaire, qui
présente généralement un marquage fluorescent plus fort et plus efficace. Le gel a ensuite
été observé au microscope en realisant un quadrillage d’observation afin de déterminer la
sensibilité de la technique (Figure 48B). Avec le microscope, on ne peut observer que
jusqu’a 100 picogrammes de protéines, et non compter le nombre de protéines individuelles,
principalement parce que la surface du gel est auto-fluorescent. Cette auto-fluorescence
peut étre causée par de la diffusion de lumiére ou par la présence de cristaux ou de
poussiéres. En utilisant ce systeme, il est possible de séparer deux protéines de poids
moléculaire proches, comme la BSA (66 kDa) et la sous-unité de la catalase (50 kDa) et

d’obtenir un profile répétable sur différent gel (Figure 48C), permettant ainsi de valider le gel.
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Figure 48: Parameétres du gel. A. Temps de migration d’un standard de taille fluorescent
pour protéine. B. Observation de différentes quantité de bandes de protéines a l'aide du
microscope. C. Profil de migration d’'un mélange de BSA (66 kDa) et de sous-unité de
catalase (50 kDa) marqué de maniére a l'aide d’un marqueur fluorescent sur deux gels
différents. La reconstruction du second gel n’est pas optimal, et nécessite un lissage.

Le profile de protéome peut révéler des informations précieuses, dont une des principales
est la capacité de différencier différent types cellulaire ou cancéreux. Vu que le gel
développé permet la détection d’environ 100 picogrammes de protéines par bande, et
gu’'une cellule de mammiféere contient entre 50 et 75 picogrammes de protéine, il a été
décidé d’utiliser 100 cellules par analyse. En réalisant une rapide analyse bio-informatique,
on s’attend a observer une vingtaine de bandes de protéines dans lintervalle 50-200 kDa
qui présente une abondance suffisante pour franchir la limite des 100 picogrammes. A partir
de ces vingt bandes, on espére pouvoir identifier 4 différents type cellulaire de cellules en
culture provenant tous de tissue cancéreux du sein. Trois de ces lignées sont issues de tissu
épithélial (HTB 132, MDA-MB 231 and MCF 7) et la derniére d’'un mélanome(HTB 129), et
elles permettent toutes I'étude de la transition épithélio-mésenchymateuse, phénoméne
observé au cours des processus de cicatrisation et de fibrose et au cours du développement
tumoral. Le balayage de la lamelle de microscopie est réalisé en utilisant un microscope
haute sensibilité, un systeme d’auto-focus et un objectif a immersion 30x disposant d’'une
grande ouverture numeérique, autorisant un pas de 274 uym, ce qui nécessite un total de 160
images pour scanner 4.3 mm de long, et une largeur variant de 5 a 10 images, soit 1 a 2.7
mm. Les images sont automatiquement traitées par un programme réalisant sur Python, qui

permet la reconstitution de toute la bande de migration, ainsi que la suppression de tous les
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pixels aux valeurs aberrantes, qui proviennent généralement de poussiéres présent a la
surface du gel. Le profile de migration est ensuite réalisé en faisant la moyenne des pixels
par colonne, et le profile lissé en utilisant le filtre de Savitzky-Golay (Figure 49A). On
observe que certains profils sont plus similaires que d’autre, et pour pouvoir les comparer de
maniéeres plus rigoureuses, une matrice de Pearson est calculée sur une partie ou la totalité
du profil (Figure 49B). On peut dans ce cas observé que les cellules provenant du
mélanome (HTB 129) semble étre séparées des autres, méme si le résultat le plus évident

qui en ressort est que HTB 132 et MDA-MB 231 présentent des profils extrémement

similaires.
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Figure 49: Comparaison de profils cellulaire. A. Profil cellulaire de 100 cellules sur gel. Les
profils sont le résultat de la moyenne de triplicata. B. Matrice de corrélation de Pearson sur
le profil de migration entier, le premier ou le second tier. Le dernier tier n’est pas montré car
toute les corrélations sont fortes.

Discussion

Le marquage du protéome est complexe, a cause de la nature des protéines d’'une part, et a
cause des conditions nécessaire pour leur solubilisation d’autre part. Cette incapacité de
dissoudre et resuspendre la totalité des protéines composant le protéome induit un biais
dans tout analyse, surtout lorsque I'on sait qu’environ la moitié du protéome est invisible au
analyse classique. Le protocol développé afin de mesurer ’'homogénéité de marquage du
protéome ne prend pas en compte ces protéines dites “cachées”, mais se concentre sur un
marquage des protéines accessibles le plus homogéne possible. |l serait trés intéressant de

faire varier les conditions de lyse des cellules et de dénaturation des protéines afin de
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concentrer sur des types de protéines en particulier, comme une meilleur extraction de
protéines basique ou acide en ajustant le pH. Il serait également intéressant de fractionner
la cellule en fonction de ses compartiments cellulaires afin d’observer comment change
I'efficacité de marquage. Le marquage est également influencé par la fonction chimique
utilisée, dans ce cas NHS. NHS est capable de reconnaitre les fonctions amines primaires,
tel que ceux présent sur la lysine, 'arginine et la fonction terminale de la protéine. Cette
fonction est également capable de reconnaitre de maniére non spécifique d’autre amino-
acides, comme la fonction OH de la tyrosine. Si nos analyses montrent de facon clair que la
lysine est 'amino-acide qui posseéde la plus grande corrélation avec le LO, d’autre amino-
acides comme la proline et I'alanine donne également de bonne corrélation, méme si ils sont
censé étre inerte au NHS. Ceci indique qu’il est nécessaire de vérifier si la fonction NHS

peut réagir de maniére non spécifique avec d’autres amino-acides.

Les protéines sont immobilisées par une réaction avidine-biotine afin de permettre leur
comptage. Cette étape requiert la biotinylation de la protéine, et n’a pas été vérifiée. On fait
la supposition que les protéines déja marquées seront facilement biotinylé car elles sont
accessible, induisant une sur-représentation des protéines marquées dans la mesure du LO.
De l'autre cbté, des protéines trop marquées par les marqueurs fluorescent sont suspectées
d’étre instable, de part 'augmentation de leur hydrophobicité, ce qui pourrait cette fois
éliminer de 'analyse les protéines trop marquées. Il est possible de tester cette hypothése
en réalisant une double purification des protéines, avec comme premiere purification
I'élimination des marqueurs n’ayant pas réagi avec la protéine, et la seconde purification
permettant de retenir les protéines biotinylées par une chromatographie d’affinité en utilisant
de l'avidine immobilisée. |l est alors possible de mesurer le CE avant et aprés la seconde

colonne de filtration, permettant d’estimer quelle est la proportion de protéine non biotinylée.

Du point de vue protéomique, la technique de référence est la spectroscopie de masse, qui
ne permet pas facilement une quantification absolue, mais permet en contrepartie une
identification des protéines. La protéomique sur gel est linverse, avec le 2D-DIGE qui
permet une quantification relative et/ou absolue, mais peu de moyen d’identifier la protéine
d'intérét. Dans ce contexte, il est possible de permettre une meilleure quantification des
protéines en mesurant l'efficacité de marquage ainsi que son homogénéité a travers le
protéine. AVoir cette mesure permettra de corriger les biais pouvant étre causé par un
marquage hétérogéne ou incomplet, sans avoir le besoin de réaliser une mesure au niveau
des molécules individuelles. Avec les données déja dans la thése, il est possible de
démontrer l'utilité de ce facteur de correction, en utilisant les gels de SDS-PAGE, fluorescent

ou non. En appliquant la formule de correction suivante sur le profile fluorescent
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nys = log((LO-100)/-71.5)*(Intensité de Cyanine 3/-0.039)

Il est possible d’estimer le nombre de lysine a travers le protéome, et ainsi de comparer aux
valeurs théoriques. On peut alors observer une grande ressemblance entre la fluorescence
du gel corrigée par le facteur de correction et les données théoriques, permettant ainsi de
valider le modéle. Cette analyse permet également de prouver qu’il est possible d’utiliser le
facteur de correction, calculé a partir de molécules individuelles, pour une expérience
classique, et ainsi d’obtenir des résultats plus quantitatifs. Il est cependant important de
rappeler que le facteur de correction est valable pour une expérience sur le protéome, mais
qu’il doit étre mesuré lors de changement de conditions ou dans le cas de protéines
spécifiques. Le facteur de correction est trés intéressant dans le cas de mesures de
protéines individuelles, surtout dans le cas des anticorps marquées par une marqueur
fluorescent. L'homogénéité de marquage est important a vérifier pour de tels anticorps,
surtout qu’ils sont généralement utilisés afin de réaliser des mesures quantitatives, aussi
dans le cas de WB fluorescent, mais également dans le cas de microscopie a haute
résolution comme le STORM. Dans les deux, les informations de I'homogénéité de
marquage est important afin de pouvoir réaliser une mesure précise, au niveau de la
quantification pour le WB fluorescent ou au niveau de la localisation et comptage dans le

cas du STROM, ou une méme protéine peut étre compté plusieurs fois.

Conclusion

Nous avons montré qu’il est possible de mesurer I'hétérogénéité de marquage fluorescent
d'une protéine au niveau des molécules individuelles. Cette hétérogénéité de marquage
peut étre modifié en variant les conditions de lyse et de marquage, en jouant sur le pH de la
solution ainsi que sur la solubilité et la dénaturation de la protéine a marquer. Aprés
optimisation du protocol de marquage en utilisant une protéine test, on a démontré qu’il est
également possible de marquer un lysat cellulaire complet ou fractionné par poids
moléculaire. Ce fractionnement a permis de montrer que 'homogénéité de marquage évolue
a travers le nombre moyen de lysine dans la fraction analysée, avec un nombre de lysine
important résultant en un marquage plus homogéne. On a ensuite essayé de séparer le
protéome par taille afin de le visualiser directement au niveau des protéines individuelles,
principalement afin de permettre un comptage des protéines et l'identification de lignées
cellulaires. Si les puces microfluidiqgues ne permettent pas une séparation satisfaisante des
protéines, les gels de SDS ultra fin permettent une réduction significative du nombre de

cellule a utiliser afin d’obtenir un profil, permettant également d’identifier différentes lignées
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cellulaires, méme si ils ne permettent pas de pouvoir compter des protéines individuelles a

cause d’un bruit de fond trop important.
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Abstract
Fluorescence-based electrophoresis has been widely used for proteome analysis, in which

every protein species in cells are labeled with a fluorescent dye, separated by electric
migration and are quantified using fluorescence detection. The ultimate limit of sensitivity for
this approach could be reached by single-molecule fluorescence imaging and counting
individual proteins, requiring exhaustive fluorescent labeling of proteins across molecular
populations and species. However, it remains unclear how homogeneous is the fluorescence
labeling of individual protein molecules of each species across the proteome. To address this
question, we developed a method to measure the labeling homogeneity based on a single-
molecule fluorescence counting assay. Our results reveal that the proportion of proteins
labeled with at least one dye, called labeling occupancy (LO), was 35% for BSA fluorescently
labeled using existing protocols. We then found that the LO could be improved to 82% under
high pH and surfactant-rich conditions. Furthermore, when a proteome sample from a human
cell lysate was analyzed, the total LO was 71%, whereby the values varied between 50 and

90% for low and high molecular weight proteome fractions, respectively. The results prove

95



Annex-Annex | : Extending single molecule imaging to proteome analysis by quantitation of
fluorescent labeling homogeneity in complex protein samples

that single molecule protein counting across a proteome is a practical and useful approach.
Overall, our method using the LO parameter provides a system for estimating protein

amounts from single molecule counting assays.

Introduction
Currently, there is a large and growing need for quantitative profiling of proteins in complex

mixtures. Protein detection and visualization based on the use of fluorescent compounds has
the advantages of high sensitivity, possibility for quantitation, and compatibility with mass
spectrometry. Indeed, fluorescence-based techniques have been widely applied for sensitive
proteome analysis in the cell.i2 The conventional separation methods for such analyses are
polyacrylamide gel electrophoresis (PAGE), capillary electrophoresis, and 2D gel
electrophoresis. Overall, these methods rely on the detection of every protein species
composing the proteome separated by electrophoresis, and therefore require nonspecific
labeling of all proteins. One strategy for such global protein labeling is to use dyes that can be
noncovalently bound to proteins by electrostatic and hydrophobic interactions, such as
Coomassie Blue and Sypro-Ruby.34+ An alternative strategy is to use dyes that are able to bind
covalently through specific groups such as N-hydroxysuccinimide (NHS, or succinimidyl)
ester, which targets primary amines, or maleimide, which binds thiols.ss While the covalent
labeling method allows higher sensitivity and specificity in protein detection and minimizes

background noise, the proteins need to be labeled prior to separation on a gel.

The ultimate limit in sensitivity of this analysis is defined by detecting and counting single
molecules. In the bioimaging field, such single molecule detection has been achieved by
measuring fluorescently-labeled proteins under laser-based specific illumination and high-
sensitivity fluorescence imaging.7-12 Such single molecule detection has often been applied to
individual species of proteins to characterize their in vitro and in vivo dynamics in biological
events,i3-19 such as stepwise molecular motor movements 72022 and stochastic gene
expression events in single cells.2s24 Meanwhile, we expect that the single molecule imaging
sensitivity can be extended to the whole proteome by using nonspecific labeling with
fluorescent dyes. However, it remains unclear how uniformly or homogeneously different
proteins, as well as each species of individual protein molecules among a population, can be
nonspecifically labeled with fluorescent dyes (Fig. 1), due to varying composition of amino

acids and biochemical properties such as solubility and electrical charges,2s as well as the
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statistical probability of labeling of identical species. Conventionally, coupling efficiency,s
has been described as the molar ratio of fluorophores to proteins in bulk solution, but this
estimate is only accurate under the assumption that all fluorophores and proteins are
randomly and uniformly bound. In contrast, in this work we propose a new technique to
directly evaluate the labeling homogeneity across the proteome by counting the labeled
protein proportion at the single molecule level. Our results show that protein molecules in a
human cell proteome can be labeled with a high efficiency of up to 90%, which supports the
possibility of using nonspecific labeling with fluorescent dyes and single molecule counting

in proteome analysis.

Protein Dye
2 Figure 1. Effect of proteome labeling homogeneity on
protein number counting. The protein count number is
l | ! highly dependent on how strongly and homogeneously
LO - High 163 2 |5 protein molecules are labeled, rather than the number

ratio of proteins to dyes. The homogeneity can be

scored using a parameter termed labeling occupancy

Molecular state

(LO), which defines the probability of labeled protein
molecules against total protein molecules. This value

provides the efficiency of protein counting; i.e. higher

Single molecule
image

LO yields higher count numbers (left) and vice versa

(right). While the LO value of 100% is ideal, LO of <

100% can provide an attenuation factor for estimating absolute protein numbers.

Results

Assay for evaluation of labeling homogeneity. First, we developed an assay to evaluate
labeling homogeneity of a fluorescently labeled protein sample at the single molecule level
(Fig. 2A). As such, we evaluated the homogeneity by imaging a microscope coverslip that
binds a known density of the sample protein molecules, and by characterizing the number and
intensities of fluorescence spots that are observed on the same coverslip. In this case,
homogeneously-distributed labeling should provide a higher number of fluorescence spots of
constant intensity, whereas a heterogeneously labeled proteome would provide fewer spots of

more variable intensity, whereby some proteins are unlabeled and others are bound to
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multiple fluorescent dyes. By comparing the number of spots between the measured sample
and the 100%-labeled, homogeneous control sample, we can obtain the percentage of proteins
yielding fluorescence spots, which we call labeling occupancy (LO). The microscope
coverslip was prepared by plasma-mediated oxidation followed by coating with a fixed
density of avidin, and by binding the sample protein molecules, which have been denatured
and biotinylated, to the immobilized avidin. We found that a fixed number of the protein
sample molecules can be bound to the coverslip when the amount of the applied protein is
greater than 0.76 fmol (Supplementary Fig. S1). Imaging was performed using a wide-field
single molecule fluorescence microscope over a large area of the coverslip (=~ 4 mm:) to
obtain better statistics. We also confirmed that few fluorescent spots were observed when
performing the experiment without avidin coating (Fig. 2B, negative control), probably due

to a low-affinity interaction of labeled proteins with the coverslip.

To test this assay system, we analyzed labeling homogeneity of BSA samples that were
fluorescently labeled using the succinimidyl ester of Cy3 under a standard protocol (Fig. 2B).
For the subsequent analysis, BSA samples were prepared by mixing different ratios of labeled
and unlabeled protein, ranging from 1:3 to 1:0, respectively. In a bulk fluorometer
experiment, the ratio of the dye to the protein in the sample solution (coupling efficiency,
CE), which is the conventional parameter for characterizing labeling efficiency, was
measured to be 0.47 for the labeled BSA sample before mixing with the unlabeled protein.
Based on this, LO of the labeled BSA was predicted to be 38% assuming that the labeling
event follows the Poisson law (see Materials & Methods), whereby it can also be assumed
that such LO estimated from CE (LOcr) decreases proportionally with a decrease of the
proportion of labeled BSA in the mixed samples. In contrast, the actual LO measured by our
method (LOoss) for the labeled BSA before mixing was smaller (33 + 1.8%) than LOck (Fig.
2C), suggesting that the molecular labeling event is more biased and heterogeneous than the
predicted Poisson process. In addition, LOoss was found to be proportional to the mixing ratio
and to LOce (Fig. 2C). Furthermore, the distribution of fluorescence intensities was multi-
modal among the fluorescence spots (Fig. 2B), suggesting that one protein could bind
multiple dyes. We confirmed that the smallest peak is generated by a single fluorescent dye
by observing one-step photobleaching under continuous laser irradiation (Supplementary Fig.
S2). Therefore, the number of dyes binding to proteins within the fluorescence spots (7dye)

could be obtained from the fluorescence intensity of the spots. The average naye among all the
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spots (n4e) were found to be mostly constant at any mixing ratio (Fig. 2D), which confirms
that dye labeling is stable after protein dilution and no dye migration occurs between different
protein molecules. We also found that the probability density function for labeled BSA
exhibited a higher probability of proteins binding either zero or multiple dyes than expected if
the labeling were a Poisson process (Supplementary Fig. S3). This greater than Poisson
labeling heterogeneity can be explained by the cooperativity of labeling, whereby binding of
one dye to a protein induces binding of further dye molecules to the same protein. Another
explanation is that some protein molecules in the sample have reduced reactivity toward the

label due to incomplete denaturation, solubility problems, or inefficient mixing during the

reaction.
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Figure 2. Evaluation of labeling homogeneity. (A) Assay workflow. First, coverslips (a) and
(b) are treated with avidin to achieve a fixed density. Second, fluorescently-labeled sample
proteins were biotinylated and attached to the coverslip (a) via the avidin-biotin interaction.
In parallel, 100% fluorescently-labeled purified biotin is immobilized on the coverslip (b).

Third, the coverslips are imaged by single-molecule fluorescence microscopy to obtain the
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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). (B) Raw data. Image data
(left) and histograms of fluorescence intensities of spots (right) obtained from mixtures of
fluorescently-labeled and unlabeled purified BSA at different ratios (top and second from top)
are shown. Additionally, data obtained from 100% labeled fluorescent biotin bound to the
avidin coating (third from top, positive control), and from labeled BSA loaded and washed
from the coverslips without avidin coating (bottom, negative control) are shown. Peaks in the
histograms represent conjugation of different discrete numbers of biotinylated fluorescent
dyes. The scale bar is 10 pum. (C) Comparison of the estimated LO (LOck) and the observed
LO (LOoss) values. LOce was obtained from the ratio of the dye to the protein, measured by a
bulk fluorometer analysis, and assuming a random, Poisson labeling process. The black line
shows a linear regression (R2 = 0.95), suggesting that LOoss is proportional to LOce. Data are
expressed as mean =+ s.e. 44, 45, 50, 41, 39 and 38 images were analyzed for 8, 12, 20, 26, 30
and 37% values of LOck respectively. (D) Comparison between LOce and the average number
of dyes binding to proteins within the fluorescence spots (nae), which were estimated from

the fluorescence intensity histograms.

Influence of different labeling protocols on labeling homogeneity. We next tried to
improve the LO of BSA samples by testing different labeling conditions. These included
combinations of increased DTT (1 to 10 mM), SDS (0.1 to 1%) and Tween 20 (0.1 to 1%)
concentrations compared to conventional protocols,2-32 which are known to enhance protein
reduction, denaturation, and solubilization, respectively (see Table 1). We also tested the
influence of addition of 3-[(3-cholamidopropyl)dimethylammonio]propanesulfonate
(CHAPS), a zwitterionic detergent that enhances solubility of proteins and thus their
accessibility to the dye.33,34 These new conditions were set to a higher pH (from pH 7.4 to 12)
to improve the affinity of the reactive amine groups, those of lysine residues and/or the N-
terminal of the protein, for the succinimidyl ester moiety in the dye. Similar to the original
reaction conditions (Condition A in Fig. 3A and 3B), LOck values obtained under the newly
tested conditions (Conditions B to J) were found to be around 40%. In contrast, LOoss values
increased 1.4 times under these new conditions compared to that of condition A (29.5%) (Fig.
3B), indicating that the labeling homogeneity can be improved by the labeling conditions.
Addition of our four tested reagents (DTT, SDS, Tween 20 or CHAPS) provided positive
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effects on LOo»s, which reached 82% when adding all the four additives together. Consistent
with this, histograms of fluorescence intensities of each spot were less spread and less
skewed to smaller values under the new conditions, suggesting that fewer and constant
numbers of dyes tended to bind to the same single proteins (Fig. 3A). Also, under the new
conditions, LOo»s values increased compared to those of LOce (Fig. 3B), and the probability
density functions of numbers of dyes binding to proteins exhibited smaller or no peak at the
zero molecules data point (Supplementary Fig. S4), suggesting the all-or-none dye binding
outcome was reduced, but instead a constant-number of dyes per protein type of labeling
dominated. We suggest that such constant-number binding resulted from the exposure of the

reactive labeling sites in proteins, which are then occupied by the dye molecules.
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Figure 3. Labeling homogeneity of BSA under different labeling conditions. (A) Imaging data
(left) and spot fluorescence intensity histograms (right). The relevant conditions are described
in Table 1. Condition A is the original condition before the optimization, and Condition J is
the most optimized condition consisting of higher concentrations of DTT, SDS, Tween 20 and
CHAPS. The scale bar is 10 um. (B) LOoss (blue), LOce (light blue) and nave (dark red) under
different labeling conditions. Data are expressed as mean =+ s.e. 34, 60, 49, 96, 116, 81, 53,
71, 94 and 114 images were analyzed for Condition A, B, C, D, E, F, G, H, I and J,

respectively.
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Condition Buffer DTT SDS Tween 20 | CHAPS
A 1x PBS pH 7.4 1 mM 0.1 % 0.1 % 0 %
B 50 mM borate pH 12 1 mM 0.1 % 0.1 % 0 %
C 50 mM borate pH 12 1 mM 0.1 % 1% 0 %
D 50 mM borate pH 12 1 mM 1% 0.1 % 0 %
E 50 mM borate pH 12 1 mM 1 % 1 % 0 %
F 50 mM borate pH 12 | 10 mM 0.1 % 0.1 % 0 %
G 50 mM borate pH 12 | 10 mM 0.1 % 1 % 0 %
H 50 mM borate pH 12 | 10 mM 1% 0.1 % 0 %
I 50 mM borate pH 12 | 10 mM 1 % 1 % 0 %
J 50 mM borate pH 12 | 10 mM 1 % 1 % 2 %

Table 1. Labeling buffer conditions tested.

Measuring labeling homogeneity of proteome samples. Following the optimization of the
labeling protocol, we analyzed labeling homogeneity of a proteome sample that was obtained
from a lysate of HeLa cells. As a proteome sample contains many protein species with widely
differing molecular weights, we measured fractions of the proteome samples at different
specific (16, 23, 55 and 120 kDa) or ranges of (19-25, 25-32, 32-42, 42-54, 54-69, 69-97, 97-
136 and 136-226 kDa) molecular weights, which were obtained by the separation with SDS-
PAGE (Fig. 4A and Supplementary Fig. S5). The specific molecular weights we focused on
correspond to major bands in SDS-PAGE analysis for the cell lysate, whereas the molecular
weight ranges correspond to sequential fractions covering most of the proteome. In this assay,
we observed higher LO as molecular weights increased, ranging from 50% at 16 kDa to 90%
at 120 kDa, and an intermediate LO for the whole proteome sample without separation (72%)
(Figs. 4B and 4C). Correspondingly, the spot fluorescence intensities tend to be higher as
molecular weights increase (Fig. 4C). These increasing tendencies are considered to be due to
the dye labeling frequency, which depends on the number of lysine residues in a protein
molecule. Consistent with this, probability density functions of numbers of dyes binding to
proteins showed no strong peaks at zero molecules data point except for the 16, 20-25 and
25-33 kDa fractions of the proteome (Supplementary Fig. S6), suggesting that the higher
molecular weight proteins have enough numbers of reactive lysine residues to retain a stable

number of dye molecules.

Then, we considered the average numbers of lysine residues across protein species

dominating each molecular weight fraction, which we termed nns. We estimated nys by
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extracting a list of protein species falling into each molecular weight range from uniProt,ss
and by calculating an average number of lysine residues weighted using protein abundance
stored in the paxdbs database (Supplementary Table S1).36 In the specific molecular weight
fractions, nys values were estimated to be 8.26, 44.07, 34.39, 69.63 for 16, 23, 55 and 120
kDa fractions, respectively. Note that the estimated numbers are not simply proportional to
the molecular weights, because of the protein species that have the highest abundance in the
fractions. For instance, the high nys value at 23 kDa is due to the large number of lysine
residues of protein histone H1.5 (66 in total). When we plotted LO values as a function of nus
and fitted them with an exponential curve, we obtained the relationship: LO = 100 -
71.5%exp(-0.039xnys) (Fig. 4D). This relationship indicates that the LO is proportional to 7s
at a small nys, but reaches a plateau of 100% at large nus values, supporting the fact that the
succinimidyl ester labeling reaction occurs predominantly at lysine residues in a protein. In
addition, the equation indicates that there is a positive offset of the LO at 29% regardless of
the nys value, which is consistent with the fact that the succinimidyl ester reaction also occurs
at the NH2 terminal of a protein. We also analyzed the relationship between nae and nys,
which is given by: nage = 3.3 - 2.6xexp(-0.08xns5) (Fig. 4E). This relationship describes that
Naye 1S proportional to nys at small nws, but reaches a plateau of 3.3 at large nus, which would
be caused by exclusion effects of dyes binding to the same protein, or quenching effects
between neighboring dyes on the same protein.37 The nae also has a positive offset around
0.75, supporting the reaction at the NH> terminal end of proteins. These derived equations can
provide an estimate of the LO and single molecule brightness for any protein species in the

proteome, which will be useful for proteome quantification by single molecule counting.
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Figure 4. Labeling homogeneity of proteome samples. (A) Separation of the proteome sample
from human cancer cells with SDS-PAGE. The red boxes represent the regions that are
extracted for labeling homogeneity analysis. Full-length gel images are shown in
Supplementary Figure S7. (B) Fluorescence spot images (left) and histograms of spot
intensities (right) obtained from different molecular weight proteome fractions. The scale bar
is 10 um. (C) LO (blue) and nae (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. (D) LO as a function of
estimated number of lysine (nss). The line is a fitting curve to the equation: LO = 100 -
Axexp(-Bxnys), where A and B are the fitting parameters. Data are expressed as mean + s.e.
(E) nae as a function of nys. The line is a fitting curve to the equation: nae = A - Bxexp(-

Cxnps), where A, B and C are the fitting parameters. Data are expressed as mean = s.e.

104



Annex-Annex | : Extending single molecule imaging to proteome analysis by quantitation of
fluorescent labeling homogeneity in complex protein samples

Discussion

In this work, we established an imaging assay for measuring the homogeneity of covalent
fluorescent labeling of protein or proteome samples at the single-molecule level, and we
introduced a new term to describe the labeling homogeneity, LO. Moreover, we were able to
achieve a high LO (50-90%) by optimizing the labeling conditions, which included a high pH
and enhanced solubility. Our results confirm the possibility of application of single-molecule
counting to proteome analysis. Our method can also provide attenuation factors to estimate
the actual protein numbers from the labeled, countable protein numbers, in the form of the
LO. Furthermore, our derived equations can provide an estimation of LO depending on

protein species even without experiments.

While it might be ideal to use monovalent avidin 3s to bind proteins on the coverslip surface
as part of the assay, we argue that standard tetrameric avidin can still provide reasonable
values. When we studied 100%-labeled biotin using the standard avidin surface (Fig. 2B,
positive control), we observed that the majority (55%) of avidin molecules on the coverslip
bound only one or two equivalents of fluorescently-labeled biotin, although a small fraction
of avidin bound up to 4 molecules, consistent with its tetrameric nature.3o Considering that
biotin is small, larger protein molecules should bind to avidin in fewer numbers due to steric
effects. Accordingly, we observed that the number of fluorescent dyes bound to avidin was
almost constant at all mixing ratios of labeled and unlabeled BSA (Fig. 2D), suggesting that

only one protein was able to bind to each avidin.

Our results also provide an important indication that labeling homogeneity is significantly
affected by the labeling reaction conditions, and that this reaction is not a simple Poisson
process. We suggest mechanisms that make labeling more heterogeneous or homogeneous
(Fig. 5). Heterogeneity is considered to be caused by the so-called all-or-none mechanism,
brought about by processes such as 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. In contrast, homogeneity can be achieved by the complete binding of reactive lysine
residues within a protein to the dye. The labeling is however never observed to be 100%
complete, and there are several reasons for this. Firstly, we reason that changes in protein

hydrophobicity can explain reaching the steady state of binding, whereby changes in
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hydrophobicity of proteins upon binding to dyes can inhibit further binding to the label.40
Another possibility for reaching an apparent maximum dye binding is the intramolecular dye
quenching that occurs when many dyes exist in the same protein molecule.s142 These
mechanisms highlight that single-molecule phenomena can deviate significantly from simple
theoretical models consisting of ensemble-averaged bulk experiments, suggesting the

necessity for single-molecule measurements.
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Figure 5. An explanatory model of labeling homogeneity and heterogeneity. The labeling
homogeneity can be described as the complete binding of reactive lysine residues in a protein
to the fluorescent label. Meanwhile, the heterogeneity can be rationalized by the presence of a
fraction of proteins that are non-reactive due to incomplete solubilization or reduced affinity.

The letters ‘K’ and ‘N’ denote reactive lysine residues and the NH: terminals, respectively.

We expect that our single molecule proteome-level analysis can be extended to further in-
depth analyses in straightforward ways. One possibility may be to perform a native PAGE
analysis to determine the molecular stoichiometry for complexes composed of multiple
proteins in the cell. Another direction is to combine the single cell isolation and single
molecule visualization in one microchip to allow single cell proteome analyses.43-45s Overall,
our methods and results will open the door for single molecule sensitivity-proteomics that

may be ultimately used for precise cell properties determination and disease diagnosis.
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Experimental methods

Labeling of purified proteins. Purified BSA (A9547, Sigma-Aldrich) was dissolved in 1,000
ul of distilled water to a concentration of 1 mg/ml. 1 pl of this BSA solution was denatured in
the buffer indicated in Table 1 (Tween 20 (Sigma-Aldrich), SDS (Wako, Japan), DTT
(Nacalai-tesque, Japan), borate buffer (Nacalai-tesque), CHAPS (Dojindo, Japan)). The
denatured BSA was labeled by adding 1 pul of 2 ug/ml freshly diluted Cy3 NHS-ester dye
(PA13101, GE Healthcare) in DMF (Nacalai-tesque) then by incubating for 15 min in the
dark at room temperature with gentle agitation. In this protocol, the molar concentration ratio
of the dyes to the proteins is 20, where the measured LO value is confirmed to be saturated

(Supplementary Fig. S8).

Labeling of the proteome molecules from cell culture. HeLa cell line was grown at 37 oC
under 5% CO: in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) containing 10% fetal
bovine serum (Gibco) and 100 U/mL penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL
Amphotericin B (Gibco). Exponentially growing cells were collected by centrifugation after
treatment with 0.1% trypsin (Gibco), washed with 1x PBS (pH 7.4), and resuspended in 1x
PBS (pH 7.4) at 106 cells/ml. 1 pl of the cultured cells, corresponding to 1000 cells, were
lysed and denatured by mixing with 100 pl of buffer condition J. Protein contents in the lysed
cells, corresponding to 75 ng of protein, were labeled by mixing with 1 pl of 2 pg/ml Cy3
NHS-ester dye and by incubating for 15 min in the dark at room temperature with gentle

agitation.

Protein biotinylation. The Cy3-labeled protein solution was adjusted to pH 7.4 by adding
400 pl of 0.8 M HEPES. The protein was biotinylated by adding 100 pl of 19 mg/ml biotin-
PEG2-amine (Thermo Scientific) and 5 pl of 20 mg/ml EDC (Nacalai-tesque) and by
incubating at room temperature for 1 hour with gentle agitation. To remove unreacted
labeling reagents, protein solution was added to an ultrafiltration device (Amicon Ultra,
NMWL, 10 kDa, Merck Millipore) and washed 5 times following the manufacturer's

instructions.

Coverslip preparation and attachment of labeled proteins. A 22 x 22 mm sized and 0.17
mm thick coverslip (VWR) was treated with air plasma for one minute in a plasma cleaner
(Diener Electronic). The coverslip was spin-coated with 200 pl of Avidin buffer (5 mM
HEPES, 10 ng/ml avidin (Nacalai-tesque), and 2 mg/ml BSA) for 5 seconds at 500 rpm,
followed by 30 seconds at 1,000 rpm. This avidin concentration results in 164 (+ 35.5) spots
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per image when measuring 100%-labeled biotin. The avidin-coated coverslip was then dried
for 15 minutes at room temperature. 200 pl of the fluorescently labeled and biotinylated
protein that was diluted 100 times in 5 mM HEPES were loaded on the coverslip for 15
minutes. Concentrations of the protein or biotin samples are in excess compared to the
estimated number of avidin molecules (Supplementary Fig. S1). The coverslip was then
washed 5 times with distilled water for 5 min each. A fresh, plasma-cleaned coverslip was
placed on the washed coverslip to avoid drying. Alternatively, in the case of the positive
control, 10 ng/ml biotin labeled with Alexa Fluor 488 (Nanocs, USA) was loaded instead of
the sample protein. In the case of the negative control, fluorescently labeled and biotinylated
BSA was loaded on the coverslip coated with Avidin free buffer (5 mM HEPES and 2 mg/ml
BSA).

Image acquisition. The coated coverslips were imaged using an inverted epi-fluorescence
microscope (IX81, Olympus) with an oil-immersion objective lens (PLAPON 60x, NA 1.42,
Olympus) equipped with an EMCCD camera (iXon 897, Andor). Fluorescence was induced
with wide-field illumination by a 488-nm Argon ion laser (Innova 70C, Coherent) or 560-nm
fiber laser (F-04306-2, MPB Communications). The laser power density at the observation
area was set to 117 W/cmz. Alexa Fluor 488 was imaged through a dichroic mirror FF495-
Di03 (Semrock) and an emission filter FF02-520/28 (Semrock), whereas Cy3 was imaged
through a dichroic mirror Di02-R561 (Semrock) and an emission filter FF02-617/73
(Semrock). The acquisition time was set to 100 ms. Commercial software (Metamorph,
Molecular Devices) was used for the hardware control. For each condition, more than 100

images were taken to obtain enough values for statistical significance.

Image analysis. The obtained images were first processed using the laser illumination
heterogeneity compensation 23 to uniformize fluorescence counts over the entire imaging
area. Then the images were processed with the rolling ball algorithm with the ball radius of
50 pixel to subtract the background, and a band pass filter to extract spots of 1-20 pixels. The
image was binarized using the Triangle threshold, and processed with the image filter that
removes spots smaller than 2 pixels square. Then, the spot number was calculated from each
image, which was used for the LO calculation (Fig. 2A). Also, histogram of fluorescence
counts for spots was analyzed. Then, the histogram was re-binned based on peaks observed in
the histogram, in order to represent the number of dyes in spots. nse was calculated from the

mean of this distribution, and the histogram integrated 100 - LO at zero position to obtain a
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probability density function of the number of dyes in a protein (Supplementary Figs. S3, S4
and S6). These processes were performed using the Imagel software (v1.51n) or Python

v2.7).

Data reproducibility and errors. We checked the reproducibility of LO measurements by
confirming that similar values were obtained from independent samples (Supplementary Fig.
S9). We have also analyzed the accuracy of LO measurements depending on the number of
acquired images. We observed that the statistical error ratio of the measured LO decreased
from 4.6% to 0.2% for 20 and 100 images, respectively (Supplementary Fig. S10). As we
have analyzed at least 20 images for every conditions (median: 52 images), our data has less

than 5% errors.
Coupling efficiency calculation. The coupling efficiency, CE, is given by the equation:
E = (Amaxxﬁ'protein) / ((AZSO - AmaxX CF')Xdee) (1)

where CF is the correction factor for the dye (0.11 for Cy3), Amax is the absorbance of the dye
at its maximum absorption wavelength (560 nm), A2s0 is the absorbance of the protein at 280
nm, &qe 1S the extinction coefficient of the dye at its maximum absorption wavelength

(150,000 M-1.cm-1), and é&prorein 18 the extinction coefficient of the protein at 280 nm.s

The estimated labeling occupancy from the coupling efficiency, LOck, was calculated under
the assumption that a dye binds to a protein in a manner that follows the Poisson law,

described by the following equation:

LO = i CE"*e € /:“ )@

where CE is the coupling efficiency and u is the number of dye molecules.

Calculation of the average number of lysine residues. The average number of lysine
residues of proteins in a proteome fraction, n;s, was obtained as the weighted average based
on the protein abundance for a group of proteins having similar molecular weights with an

error of +2%.

SDS-PAGE. SDS-PAGE was performed following the standard procedure using 20%
acrylamide gel. To avoid a damage to the dye, the protein sample was not heated after adding
the SDS sample buffer. The gel was imaged in a gel viewer (ImageQuant LAS 4000, GE
Healthcare Life Science) with 180 seconds acquisition time using a filter set for Cy3. After

imaging of gel, gel was cut using a sharp blade at the band level or uniformly, and proteins
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were extracted from the gel using a dialyzer by electroelution (D-tube, 6-8 kDa, Merck

Millipore) following the manufacturer's instructions. The electroelution was done for 3 hours

under 100 V.

Data Availability. The datasets generated and/or analysed during the current study are
available from the corresponding author on reasonable request.
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The Supporting Information is available free of charge on the ACS Publications website.

Additional details on sensitivity limit, single molecule photobleaching, probability density
function of the dye binding to the sample, full SDS-PAGE migration profile, effect of the dye

concentration on the labeling, day-to-day reproducibility and accuracy.
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Abbreviations
PAGE : polyacrylamide gel electrophoresis; BSA : bovine serum albumin; LO : labeling

occupancy; CE : coupling efficiency; DoL : degree of labeling; LOo»ss : single molecule
measured LO; LOce : LO estimated from CE; CHAPS : 3-[(3-
cholamidopropyl)dimethylammonio]propanesulfonate; DTT : dithiothreitol; SDS : sodium
dodecyl sulfate
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Annex-Annex | : Extending single molecule imaging to proteome analysis by quantitation of
fluorescent labeling homogeneity in complex protein samples

(45) Hughes, A. J.; Spelke, D. P.; Xu, Z.; Kang. C.-C.; Schaffer, D. V.; Herr, A. E. Single-Cell
Western Blotting. Nat. Methods 2014, 11 (7), 749—755.
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Annex-Annex Il : Baseline correction pseudo-code

Annex Il : Baseline correction pseudo-code

min_half = block_size/2
max_half = block_size/2

min_half = 0

baseline = baseline - minimum(baseline)

smooth_baseline = savgol_filter(baseline, block_size)

corrected_data = data - smooth_baseline

block_size = user_value
data = Spectrum
baseline = zero * lenght of data

point - min_half < 0

lenght of data

point + max_half > lenght of data

max_half = lenght of data

selected_data = data(point-min_half:point+max_half)

threshold = Otsu(selected_data)
valid_value = selected_data[selected_data < thre]
baseline[point] = mean(valid_value)

point +1
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Annex lll : Detailed protocol

Sample labelling
The popular Cy3 dye with NHS-ester modification can be use to label the amino-terminal

function of the protein either with the lysine residue. By fixing strong denaturant conditions,

the labeling is expected to be more uniform and increase the proportion of labeled protein.

Material
* Lysis/Denaturation buffer:

» 20 mM Borate buffer
* 1% Tween 20 (v/v)
* 1% SDS (w/v)
» Adjust at pH 12 using NaOH
» DTT (Dithiothreitol)
* CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate)

* Cy3 NHS ester at 0.2 ug/ml in DMF (Dimethyl Sulfide)

Protocol
e For 100 pl of fresh Lysis/Denaturation buffer, add 2 uyl of DTT 0.5M and 4 ul of

CHAPS 50% (w/v)
* In a low protein binding tube, add 1 I of Lysis/Denaturation buffer
¢ Add 0.2 ul of sample, then incubate 5 min at RT
* Add 0.2 ul Cy3 dye
* Incubate 15 min in dark at RT

* Quickly use the label sample or stock freeze at -80 degree Celsius

Single molecule labeling visualization
This technique permit to isolate labeled single protein on a glass surface to allow

visualization/counting of single molecule. Protein need to be previously labeled using a NHS-
ester dye. The principle is to fixed a biotin function to the target protein, then put this fusion
on a avidin treated glass at a given density. The density of avidin is controlled by the avidin
concentration, and can be necessary to optimize. The density is calculated by using a

positive control composed of fluorescent biotin, and is then compared to the sample.
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Material

Microscope coverslip, 22 x 22 mm, thickness 1 (0.12 to 0.17 mm)
Hepes buffer, 50mM, pH7.5

Avidin 1 mg/ml in 50 mM Hepes

BSA 2 mg/ml in 50 mM Hepes

PEG2 biotin amine 19mg/ml

EDC 20 mg/mi

Fluorescently labeled biotin

Protocol
Step 1: sample biotinylation

Add 20 pl of biotin amine PEG2 and 1 ul of EDC for every 100 pl of reaction. Incubate 1 hour

at RT.

It is necessary to remove biotin excess for the labeling occupancy measurement using a size

exclusion column (10 KDa):

- Put the sample on the column, complete to 500 ul using Hepes buffer, pH 7.5

- Centrifugate at 14000 g for 5 min

- Repeat the step 1 and 2 three times, then collect the sample

Step 2 : Single protein isolation on glass surface

Prepare a solution at 10-s g/L of avidin and 2 g/L of BSA in Hepes buffer

Plasma treated 30 seconds the coverslip, one by condition

Add 200 pl of BSA/avidin solution on the coverslip

Spin-coated 5 seconds at 500 rpm, then 30 seconds at 1000 rpm

Dry the glass for 15 minutes, protect from dust

Add the biotinylated sample (dilution adjustment) with a final volume of 100 pl

In parallel, make the controls (positive composed of fluorescent biotin at 10-s mg/ml)

Incubate 15 min protect from light and dusts
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* Wash at least 3 times 5 minutes using distilled water

* Add a second plasma treated coverslip

Step 3 : Single molecule visualization

Focus at 0.6 pm of the first glass, then acquire a least 50 differents position of good images,

since the avidin density can have some variability, with an acquisition time of 100 ms.

Glass Mold Fabrication for Micro-Gel
To create an ultra-thin SDS PAGE, it is necessary to first generate a mold. This mold can be

generate by using different technique (3D print, layering, cut...). We used SU-8, negative

photoresist to realize this mold on a glass substrate.

Material
¢ Plasma Cleaner

* Hot plate

e Spin Coater

* Chemical Hood

» SU-8 3025 solution

* UVlamp

* Glass press

» SU-8 developer : Propylene glycol monomethyl ether acetate
* [sopropanol

* Mask of the mold

* Support glass of 50x70 mm, thickness 1mm

Protocol
» Design of the mold print on transparent plastic with transparent part becoming hard

* Plasma treat 1 min a 50 x 70 mm glass, 1mm thickness
* Glass is heat at 100 degrees Celsius on a hot plate for 5 min
* Cool down the glass at RT, then place in the spin coater

* Add 3 ml of SU-8 3025 evenly on the surface of the glass

118



Annex-Annex Il : Detailed protocol

Spin coat at 500 rpm for 15 seconds, then 1000 rpm for 30 seconds

Soft bake 90 degrees Celsius until the solvent completely evaporate

Repeat the 4 last steps two times, up to have 68 um x 3 = 204 pm total thick
Mont the glass and SU-8 with the plastic mask, and align for the edges on a press
UV exposure 15 seconds (250 Joule/cmz2)

Soft bake at 60 degrees Celsius for 10 min. The pattern need to be visible.

Increase the temperature of the hot plate of 5 degrees Celsius every minute to reach

a final temperature of 90 degrees Celsius

Incubate 10 min at 90 degrees Celsius

Cool down the glass at RT, then develop in a bath of SU-8 developer 5 min
Make a second bath to remove all non polymerized SU-8 in SU-8 developer
Wash the mold in distilled water, then in isopropanol

Dry the mold, hard baked at 150 degrees Celsius for 5 min

Slowly let the mold cool down at room temperature

UV exposure of 5 min the mold to completely hardened the SU-8 layer

Micro SDS-PAGE fabrication
The fabrication of micro SDS-PAGE gel with a thickness of 0.2 mm is delicate and need to

take in consideration the polymerization speed as well as the different inhibition factors, like

oxygen, that have a bigger effect. The binding of the gel to a coverslip is also a condition for

the microscope observation.

Material

Previously made glass mold (50x70 mm)
Coverslip (50x70mm, thickness 1 - 0.12-0.17 mm)
Plasma cleaner
Vacuum line or box
Bind Silane solution in ethanol

* 5% acetic acid (v/v)

* 0.3 % Bind Silane (v/v) (3 methacryloxypropyl trimethoxysilane)
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Repel Silane (dimethyldichlorosilane)
Acrylamide gel solution
* Acrylamide 20% (v/v)
* SDS 0.1% (w/v)
* Tris HCI pH 8.6 75 mM
APS 10% (w/v) in water
TEMED 10% (v/v) in water

Riboflavin 1% (w/v) in water

Protocol

Vacuum 15 min the acrylamide solution

Plasma clean 4 coverslip 1 min

Clean and dry the glass mold using isopropanol then drying

Put 250 ul of Repel Silane uniformly on the glass mold surface

Put 500 pl of Bind Silane solution uniformly on the coverslip surface

Let Bind and Repel Silane react with the glass surface for 5 min, protect from

evaporation by cover them using petri dish lid

Dry both glass using an air gunner and realize a 100% ethanol wash on the Bind

Silane glass

Add 4.5 pl of TEMED 10% and Riboflavin 1%, then 1.5 pl of APS 10% for 700 pl of

acrylamide solution

Put the gel solution at the base of the cover-glass treated face

Gently and slowly apply the mold (Repel treated face on gel contact) using tweezer
Put a 5 kg pressure on the top of the glass for a flat polymerization

Let polymerized at least 1.5 hours at room temperature

Store the gel sandwich at 4 degree, maximum one week

Before use, warm the gel sandwich at room temperature, then delicately separate

glasses using thin tweezer or razor blade
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Micro-Gel Migration
Migration of sample on very thin gel need to take some extra precaution, mainly because the

gel thickness that cause the gel to quickly dry, motivating the use of a cool plate for the

migration and lower voltage.

Material
» Horizontal migration device with cooling unit

* Hot Plate

* Gel viewer

* Running Buffer 10x
* 144 g Glycine
» 30.30 g Tris
« 10g SDS

Protocol
* Wash the gel in Running buffer 1x 2 min twice

* Remove the excess of liquid by gravity, by tilting the gel at 45 degree 30 min in a

humid box
* Remove excess of liquid in the well by using a soft tissue
* Put some drop of kerosene on the cooling plate (20 degrees Celsius), then the gel
* Put the wet bridge on each extremity of the gel, well parallele
* Fill the tank using Running buffer 1x
* Add dry silicate beads close to the gel to absorb excess of humidity
e Add 1 pl of sample by well
» Migrate at 50V 15 min then 500V 2h45
» After migration, 2 times 2 min wash using big volume of distilled water
* Remove excess of liquid of the gel surface using soft tissue
* Dry the gel 30 min at 65 degree Celsius on a hot plate

» Pre-visualize the gel using the gel viewer, setting Cy3, 300s acquisition time
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Gel Observation
The visualization of a fluorescent signal in the gel is achieved using a high sensitive

motorized microscope, that possess the filter and dichroic setting for the visualization of the
fluorescent dye Cy3. The lens used is a 30x objective with silicone oil immersion, having the
advantages of a big numerical aperture (1.05 NA), a big scanning step of 274 micrometers
thanks to the low magnification, quite small, and the use of the ZDC system that permit to

realize a automatic and quick auto focus.

Material
* High sensitivity motorized microscope

* Laser and filter set to observe Cy3 (look exactly)

* Auto focus module ZDC

* Handmade glass holder

* Metamorph (or any microscope controller software)

e Macro in Metamorph for automatic scanning

Protocol
» Fixation of gel on the glass holder is realized by using a press system and screw

(image)
* Add silicon oil to the glass side of the gel and on top of the objective

» Screw the glass holder to the stage
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Photo of the glass holder empty (left) and mount on the microscope (right)
* Focus using the ZDC at 1 um of the glass, in the gel
» Setup the speed of the stage to be at 100 um/s

* Initialize the Macro for automatic scanning by manually detecting the center of the

well to scan
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« Enter the wish lenght and width area for the scanning of each well
* Launch the Macro for automatic scanning.
* The macro pseudo-code is the following:

Move stage to next image
Acquire 100ms
Save and close Image

Finish Wait 3s
Make focus
Image +1 focus = 0

Starting Well focus = 10

Initialization

New save folder
Move stage to next well

Wait 10s Scan Stage Image Starting Image
Well number Make focus
focus = 0

Well +1

Classic SDS-PAGE
SDS PAGE permits to separate proteins on a gel by their size, and is composed of

polyacrylamide mesh. The proteins are separated by their mass, thanks to the SDS that

neutralize their charge. The smallest protein exit the gel the quickest.

Material
« SDS

* polyacrylamide and bis-acrylamide

+ APS

« TEMED

e Tris buffer 0.25 m at pH 6.8 and 0.75 M at pH 8.6
* Gel cassette

* Migration unit

* Running Buffer 10x

* 144 g Glycine
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» 30.30 g Tris

- 10gSDS

Protocol

+ Seal the gel cassette sides and bottom by using a pressure system (clamp)

* Prepare the following solution:

Stacking gel (4 ml) Components Resolving gel (12ml)
600 pl Acrylamide 30% 8 mi

800 pl 0.25M pH 6.8 Tris Hcl buffer 2ml0.75M pH 8.6
80 pl SDS 10% 200 pl

2.5ml dH20 1.8 ml

20 pl APS 10% 50 pl

4 ul TEMED 10 pl

* Pour the Resolving gel in the gel cassette, and equalize the level by gently adding

0.8 ml of distilled water

» After polymerization (around 30 min), remove the distilled water

» Pour the Stacking gel, then put immediately the well spacer

» After polymerization, mount the gel cassette on the migration unit

» Fill the migration tank and the gel cassette tank with running buffer 1x

* Remove the gel spacer, clean the well and inject the sample

* Migrate at 160V constant for 1Th30 or until the bromophenol blue exit the gel
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detection for proteomic profiling

Résumé

La quantification du protéome a trés haute sensibilitte n’est actuellement pas
réalisable, et est un probléme pour I'analyse de cellule isolée, d’échantillon rare ou
pour la détection de protéine de faible abondance. Afin d’améliorer la sensibilité,
une idée est d'utiliser un microscope capable de détecter des protéines
individuellement. Il faut pour cela dans un premier temps mesurer la proportion du
protéome actuellement marquée par une sonde fluorescente afin de pouvoir faire
des mesures quantitatives. Avec des conditions dénaturantes et la détection des
amines, on arrive a marquer jusqu’a 75% du protéome d’un lysat cellulaire, avec
un marquage plus efficace quand la protéine est de grande taille. Dans un
deuxiéme temps, il faut séparer par la taille le protéome afin de réaliser un profil
protéique. Si la puce microfluidique ne permet pas la réalisation d’'un profil avec
une résolution, le micro SDS-PAGE en est capable en permettant également
'observation du profil par microscopie, autorisant la détection jusqu’a 10 ng de
protéines par bande et ainsi permettant d'obtenir un profil a partir de seulement
100 cellules. Cette sensibilité a permis I'identification de quatre lignées cellulaires
de cancer du sein, avec un fort potentiel pour une application pour le diagnostic de
cellule cancéreuse provenant de petite biopsie, plus facile pour le patient.

Mots-clés : molécule individuelle, marquage du protéome, protéomique,
microscope a haute sensibilité

Abstract

Proteomic quantification at very high sensitivity is not achieved yet, even if they
are a need to realize this quantification for the analysis of uncommon samples at a
single cell level, or for the detection of low abundance protein. To improve this
sensitivity, one way is to use a microscope able to detect single-molecule. In this
optic, the first step to enable precise quantification is to measure the proportion of
the proteome that is labeled by a fluorescent probe. When using strong denaturant
conditions combined with a probe able to detect the amine of the protein, we are
able to label up to 75% of the proteome from a cell lysate, with an increase in the
labeling efficiency when the protein is bigger. The second step necessitates the
protein separation by size in order to realize a proteome profile. Two technics were
used for that, the microfluidic chip and the micro SDS-PAGE. The second one
enables the possibility to scan the profile by microscopy, allowing the detection of
up 10 ng of protein and then permits the analysis of only 100 cells. This sensitivity
enables the differentiation of 4 different proteome profiles from cell lines originated
from breast cancer, with a potential in the diagnostic of cancer cell from a smaller
biopsy, allowing a less painful experience for the patient.

Keywords: single-molecule, protein labeling, proteomic, high sensibility microscopy
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