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15 SHORT ABSTRACT:
16  This protocol aims at establishing ubiquitin (Ub) and ubiquitin-likes (Ubls) specific proteomes in
17  order to identify alterations of these kind of post-translational modifications (PTMs), associated
18  with a specific condition such as a treatment or a phenotype.
19
20 LONG ABSTRACT:
21  Ubiquitin (ub) and ubiquitin-like (ubl) dependent post-translational modifications of proteins play
22  fundamental biological regulatory roles within the cell by controlling protein stability, activity,
23 interactions, and intracellular localization. They enable the cell to respond to signals and to adapt
24  to changes in its environment. Alterations within these mechanisms can lead to severe
25  pathological situations such as neurodegenerative diseases and cancers. The aim of the
26  technique described here is to establish ub/ubls dependent PTMs profiles, rapidly and accurately,
27  from cultured cell lines. The comparison of different profiles obtained from different conditions
28 allows the identification of specific alterations, such as those induced by a treatment for example.
29  Lentiviral mediated cell transduction is performed to create stable cell lines expressing a two-
30 tags (6His and Flag) version of the modifier (ubiquitin or a ubl such as SUMO1 or Nedd8). These
31 tags permit the purification of ubiquitin and therefore of ubiquitinated proteins from the cells.
32  This is done through a two-step purification process: The first one is performed in denaturing
33  conditions using the 6His tag, and the second one in native conditions using the Flag tag. This
34  leads to a highly specific and pure isolation of modified proteins which are subsequently
35 identified and semi-quantified by liquid chromatography followed by tandem mass spectrometry
36  (LC-MS/MS) technology. Easy informatics analysis of MS data using Excel software enables the
37 establishment of PTM profiles by eliminating background signals. These profiles are compared
38 between each condition in order to identify specific alterations which will then be studied more
39  specifically, starting with their validation by standard biochemistry techniques.
40
41 INTRODUCTION:
42  The method proposed here is dedicated to study PTMs mediated by the ubiquitin family
43  members from cultured mammalian cells in order to identify potential alterations associated with
44  a specific condition (treatment, differentiation, etc). PTMs represent the last step of regulation
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of proteins' functions®. Indeed, once produced by the translational machinery, most if not all
proteins undergo different kinds of PTMs that modulate their activity, molecular interactions,
and intracellular location®. Among the plethora of PTMs are the ones mediated by the ubiquitin
family of proteins, ubiquitin itself and all ubiquitin-likes, have the potential to regulate all
intracellular or partially cytoplasmic proteins?. Because they are themselves proteins, they can
be conjugated to each other, forming homogeneous and heterogeneous chains of diverse
topologies, each associated with specific regulatory functions?. Tools are needed to try to
decipher and understand this complex machinery. Many approaches were developed worldwide,
having their own advantages and disadvantages, and here we propose one with high
performance suitable for cultured cells.

The main advantage of this method is its accuracy. Indeed, the purity of isolated modified
proteins is highly improved by the combinatorial use of the two tags (6His and Flag) and the two
step-procedure and therefore it is much more selective than a single tag fusion Ub/Ubl>*. The
presence of the 6His tag enables a first step of purification in a fully denaturing condition thereby
avoiding any co-purification of proteins containing ubiquitin binding domains or other proteins
binding to the ubiquitinated ones. This is a technical problem encountered by several other
approaches based on affinity purification of ubiquitinated proteomes using either specific
antibodies® or tandem ubiquitin binding elements (TUBEs)®. Importantly, this technique is not
biased in favor of purification of a certain type of ubiquitination, as it could be the case for some
other approaches, since both mono and different kinds of polyubiquitinations were identified’.
Consequently, once found, an alteration of ubiquitination will have to be studied in more details
by standard biochemical approaches in order to identify the exact kind of ubiquitination involved.
Finally, another technical advantage of this protocol is the use of lentiviruses, that easily and
rapidly creates stable expressing cell lines with reasonable level of expressions of tagged modifier
without interfering with the normal cellular behavior.

Whereas one important role of ubiquitination is to target proteins for proteasomal degradation,
it is now known that it has many other regulatory properties for potentially most intracellular or
partially intracellular proteinsl. The number of these functions is further augmented by the
existence of many ubiquitin like proteins, forming a family of proteins regulating almost every
cell mechanisms?. Their alterations can have drastic impact on the cell biology and can lead or
participate in pathological situations®, such as cancer®. Hence, tools are needed to explore this
vast landscape and identify the alterations associated with a pathological condition that could
serve as novel therapeutic targets.

This protocol is dedicated to cells in culture since they need to be transduced to express
exogenous tagged Ub/Ubl. Once created, these stable cell lines can be used to generate Ubl
profiles from culture in 2D or 3D or xenografts, thereby extending the horizon of the different
experimental models that can be applied to study PTMs profiles.

PROTOCOL:

1. Generation of stable cell lines expressing 6His-Flag-Ubl
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NOTE: Co-transfection of HEK-293T cells with pCCL-6HF-Ubl, pVSVG and delta-Helper.
1.1. Day 0: Seed 293T cells in a 6-well plate to obtain 50-70% confluence the day after.

1.2.  Day 1: Co-transfect 50-70% confluent cells with a mix of 1 ug of pCCL-6HF-Ubl or pCCL-
GFP, 1 ug of pVSVG and 1 ug of delta-Helper vectors, using a transfection reagent and protocol
for lentivirus production. After 6 h of transfection, change the medium to a fresh one
corresponding to cells to be transduced. Seed the cells to be transduced in a 6 well plate in order
to obtain a 10-20% confluence the day after (the day of starting the transduction).

1.3. Day 2: 24 h after transfection, recover the medium containing lentiviral particles and filter
using 0.45 um filters. If needed, add fresh medium at this point in order to produce a second
batch of lentiviruses. Replace the medium of cells to be transduced (10-20% confluence) by the
one containing lentiviruses.

NOTE: Lentiviral medium can be kept at +4 °C for several days before transduction or stored at -
80 °C for months.

1.4. Incubate the cells with lentiviruses between 24 h to 72 h in a standard incubator (37 °C,
5% CQO3), and then change the medium for fresh standard one. If possible, check GFP expression
using an inverted fluorescent microscope to evaluate efficiency of transduction: percentage of
expressing cells and relative level of expression per cell. If no fluorescence is detected, wait for
additional 2-3 days as expression may take longer depending on cells type to be transduced.

1.5. If GFP control is positive, grow all cells until having enough to perform an expression
control of 6HF-Ubl by immunofluorescence and Western blot using anti-Flag antibody.

2. Double purification of modified proteins

NOTE: Buffer 1: 6 M Guanidinium-HCI, 0.1 M Naz;HPOa/NaH;P0Os, pH 8.0, 0.5% Triton X-100.
Buffer 2: 50 mM NaH;P0a4, 150 mM NaCl, 1% Tween20, 5% Glycerol, pH 8.0.

Buffer 3: 100 mM NH4HCOs, pH 8.0.

2.1.  Cell lysis: Once ready, wash culture dishes at least one time with phosphate-buffered
saline (PBS) at room temperature (RT) and proceed to cell lysis or, alternatively, flash freeze in
liguid N2 and store at -80 °C. For lysis, add 2 mL of Buffer 1 per a 15 cm dish at RT. Use a cell
scraper to recover all lysates in 50 mL conical centrifuge tubes (final volume about 20 mL).

2.2.  Sonicate the lysates three times for 30 s separated by a 1 min pause.

2.3. Centrifuge the sonicated lysates at 15,000 x g for 15 min.

2.4. Transfer the supernatant to a new tube using a cell strainer (40 um).
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2.5. Determine samples’ concentration and adjust, if necessary, to obtain the same amount
of proteins and same volume. Use a total amount of protein between 50 and 100 mg (10 dishes
with 15 cm diameter for MiaPaCa-2 cells).

2.6.  Add Ni?*-NTA beads, using 2 pL of beads per 1 mg of protein.
2.7. Rotate at 30 rpm during 2.5 h at RT.
2.8.  Pellet the beads at 500 x g for 5 min.

2.9. Wash the beads with 1 mL of Buffer 1, transferring the samples to a 1.5 mL
microcentrifuge tube, then transfer the tubes on ice. Perform all the next steps on ice or at 4 °C.

2.10. Wash two times with 1 mL of ice-cold Buffer 2 containing 10 mM imidazole.

2.11. To elute bound proteins, add 600 uL of Buffer 2 containing 250 mM imidazole and rotate
for2 hat4°C.

2.12. Pellet the beads by centrifugation at 500 x g for 1 min. Transfer the supernatants to new,
pre-cooled, 1.5 mL tubes and add 50 uL of anti-Flag M2 antibody conjugated beads.

2.13. Rotate at 30 rpm for 2.5 h at 4 °C, then wash 2 times with 500 pL of Buffer 2, then 2 times
with 500 uL of Buffer 3.

2.14. For the final elution, add 100 uL of Buffer 3 containing a Flag peptide at 0.1 pg/uL and
rotate at 4 °C for 1.5 h.

2.15. Centrifuge at 500 x g for 1 min and transfer the supernatants to new pre-cooled tubes.

2.16. Take 10% (10 pL) to load on SDS-PAGE and perform a silver staining of the gel to control
the purification quality. If the purification looks good, analyze the 90% left by LC-MS/MS.

3. Processing of mass spectrometry data to generate profiles of Ub/Ubls PTMs and to
identify significant differences between them

NOTE: Results from MS analysis contain many information including the total number of peptides
as well as the peak area values (mean of TOP 3 peptide area'®) for each protein identified in each
samples. These data can be processed using either the peptide count numbers or the peak area
values, or both. For calculation with peak areas, because these values are usually in the range of
109, it is necessary to divide them by this order before applying the same formulas as below. The
results obtained with both methodologies of counting should show a strong correlation as it
usually does. For each identified protein, use the following formulas where:

vl & peptides values in non-treated ubiquitin sample (e.g., Ub - drug)
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v2 <& peptides values in Gemcitabine treated ubiquitin sample (e.g., Ub + drug)
k1l <& peptides values in non-treated control GFP sample (e.g., GFP - drug)
k2 <& peptides values in Gemcitabine treated control GFP sample (e.g., GFP + drug).

3.1. Normalization: Normalize values between drug treated cells and untreated cells for
Ubiquitin and GFP using the following formulas. Normalized v = V and normalized k = K.
V1=v1.(3v1+ 5v2) /(2. 5v1); V2=v2.(5v1+ Sv2) / (2. Sv2)

K1=k1.(3k1+ Yk2) /(2. 3k1) ; K2=k2.(3k1+ 3k2) / (2. Sk2)

3.2.  Removal of background: Using the following formulas, subtract values in control sample
(GFP) from values in the ubiquitin sample to obtain specific values (V'1 and V'2) for each identified
protein in both conditions.

V'1=V1-K1 if V1-K1>0 ; V'1=0 if V1-K1<0

V'2=V2-K2 if V2-K2>0 ; V'2 =0 if V2-K2<0

3.3. Variation (Var) of ubiquitination. To obtain a score (between -100 and +100) for positive
and negative variations of PTMs induced by a drug, use the following formula in which the
difference between specific values of treated and untreated samples are divided by the sum of
all values, including those in control (to penalize proteins also identified in control GFP), and
multiply by 100.

Var = (V'2-V'1)/(V1+K1+V2+K2)*100 ; -100<Var<100 ;

Variations below -50 (repression of PTM) or above 50 (induction of PTM) are usually considered
as significant.

3.4. Confidence (Conf). Use the following formula to obtain a confidence value between 0 and
100%,:

Conf = ((V1+V2)?/(1+V1+V2+K1+K2)?)*100 - 100/(1+V'1+V'2) ; =0 if <0

Values above 50 are usually considered to be confident.

3.5. To obtain a nicer distribution of induction/repression values and to consider both
variation and confidence parameters, multiply Var and Conf values using the following formula
where V <> Var and C < Conf

=SI(V2>0;((V2*C2)"2)/(1076);-((V2*C2)72)/(1076))

NOTE: As peak area values are usually more accurate than peptide counting, it is possible to use
specific software which are dedicated to the interpretation of this kind of data such as Perseus
(https://www.biochem.mpg.de/5111810/perseus), following recommendations of use.

REPRESENTATIVE RESULTS:

Transduction of culture mammalian cells to create GFP and 6HF-Ub expressing cells

To produce lentiviruses which will be used later to transduce MiaPaCa-2 cells, 70% confluent HEK-
293T cells are co-transfected with an equal amount of the three vectors, pCCL-6HF-Ubiquitin or
GFP/Delta-Helper/pvSvG. After 24 h of production, the medium containing lentiviral particles is
recovered and filtered. It is possible at this point to control the efficiency of the transfection by
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checking the green fluorescence of GFP expressing 293T cells on an inverted microscope. It
should be near 100% of cells. MiaPaCa-2 cells are incubated with lentiviral supernatant for 1 to 3
days. The efficacy of lentiviral transduction is first controlled by looking at the GFP fluorescence
of GFP transduced cells (Figure 1A upper panel). The GFP expression level may vary from one cell
to another but 100% of them should be fluorescent. Once this control is done, the expression of
Flag-ubiquitin will have to be also controlled. This is done by immunofluorescence staining using
an anti-Flag antibody (usually M2 monoclonal) (Figure 1A lower panel). This will show the
percentage of transduced cells, which should be 100% to guarantee a stable expression over
future passages of cell culture. In order to control the expression level of exogenous Flag-
ubiquitin, lysates from transduced cells are analyzed by SDS-PAGE followed by Western blot with
anti-Flag antibody (Figure 1B). Both cell lines can be frozen.

Two steps purification and control by SDS PAGE and silver staining

Once the stable expressing cell lines have been validated, both GFP and 6HF-ubiquitin cells are
amplified until enough material is obtained in order to proceed with the two-step purification. It
is recommended to keep a backup of these cell lines as frozen stock in liquid nitrogen in order to
be able to thaw them when needed. 36 h before processing, half of the cells (half GFP and half
6HF-Ubiquitin) are treated with 10 uM of Gemcitabine. When ready, ubiquitinated proteins are
purified from 6HF-ubiquitin and from GFP control cells, using the two-step purification protocol
(Figure 2A). 10% of the final elution is used to control the amount and integrity of purified
material by SDS-PAGE and silver staining of the gel (Figure 2B). Molecular weight markers bands
can be used to estimate the amount of purified ubiquitinated proteins. Alternatively, a known
amount of BSA or any other protein can be loaded in a line of the gel to help quantifying the
purified proteins. Once this verification is done, the remaining 90% of samples are analyzed by
liquid chromatography coupled to tandem mass spectrometry to allow identification and semi-
guantitation of purified proteins.

Identification of ubiquitinated proteins by background (GFP samples) subtraction

Data from LC-MS/MS analysis of the samples give the names and quantifications (peak areas and
number of observed peptides) of each identified protein in GFP and 6HF-Ub samples. The
proteins having the highest quantification in ubiquitin sample compared to GFP sample are most
likely to be the ones really ubiquitinated and applying the formulas described in methods above
allows their classification by giving a confidence score from 0 to 100%. Proteins identified with a
score above 50% are considered ubiquitinated ones (Figure 3A).

This step which basically removes background proteins (GFP) from ubiquitin samples led to the
identification of 364 proteins significantly ubiquitinated (Figure 3B)’. Note here that the proteins
identified with the highest scores are mostly already known as main targets of ubiquitination
which proves the efficacy of this purification method.

Then it is possible to perform a gene set enrichment analysis (GSEA) of these ubiquitinated
proteins in order to highlight the biological processes in which they are involved (Figure 3C), their
molecular functions, their cellular compartment, or any other gene ontology categorization. It is
interesting to compare this ubiquitinated proteome with the full proteome of the cell when
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possible. Indeed, this analysis reveals the real contribution of these ubiquitinated proteins in
specific processes such as translation or proteolysis for example (Figure 3C).

The main purpose of this kind of experiment is to identify alterations within the ubiquitinated
proteome induced by a treatment for example, here gemcitabine. By comparing the
ubiquitinome (the ubiquitinated specific proteome) in treated and untreated cells using the
specific formula yields a value from -100 (repression of ubiquitination) to +100 (induction of
ubiquitination). Considering only the values below -50 or above +50 as significant, a total of 73
induced ubiquitinations and 29 repressed ubiquitinations have been identified (Figure 4A). GSEA
analysis of these alterations of ubiquitination revealed specific enrichments in DNA repair
processes or cell cycle, and important variations in translation and RNA metabolic processes
(Figure 4B). This result is highly logical since gemcitabine is a base analogue that blocks DNA
synthesis and provokes DNA damages.

To go further, it is also interesting to use databases of interacting proteins in order to explore
and validate potential interacting networks formed by gemcitabine induced alterations of
ubiquitination (Figure 5). This led to the identification of functional interacting networks strongly
affected by increased or decreased ubiquitination of the involved proteins.

Finally, among the altered ubiquitination, some may involve proteins of highest interest, due to
their known or potential functions according to literature. Hence, one important step is to
validate that what is observed by mass spectrometry is real and trustworthy. PCNA was one of
the most over-ubiquitinated protein upon gemcitabine treatment detected by mass
spectrometry analysis (Figure 4A). To verify that gemcitabine indeed induces the ubiquitination
of PCNA, MiaPaCa-2 cells expressing 6HF-Ub and GFP are grown, treated or not, and subject to
either Ni-NTA purification in denaturing conditions or to anti-Flag immunoprecipitation followed
by Flag peptide elution in native conditions, resolved on SDS PAGE followed by western blot with
the corresponding antibody. The result shown in Figure 6 confirmed that indeed PCNA is strongly
ubiquitinated in response to gemcitabine treatment in MiaPaCa-2 cells.

FIGURE AND TABLE LEGENDS:

Figure 1: Establishment of stable cell lines expressing 6His-Flag-Ubl. (A) Control of GFP
expression in GFP transduced cells (upper panel) and of 6His-Flag-Ubiquitin by
immunofluorescence using anti-Flag (M2) antibody as primary and alexa-567 anti-mouse
secondary antibody. DAPI was used to stain nuclei. Scale bar: 50 um. (B) Control of 6His-Flag-
Ubiquitin expression in cell lysates by Western blot using anti-Flag antibody (Alternatively, an
anti-6his antibody can be used) on the left, and anti-ubiquitin antibody, on the right, to compare
the expression of 6His-Flag-Ubiquitin (6HF-Ubiqg) with endogenous Ubiquitin (Endo. Ubiqg).

Figure 2: Two step purification of ubiquitinated proteins. (A) Schematic representation of the
procedure. (B) 10% of the final elution was subjected to SDS PAGE followed by silver staining of

the gel in order to estimate the quantity and purity (compared to GFP) of isolated proteins.

Figure 3: Identification of ubiquitinated proteins (adapted from Bonacci et al.”). (A) Relative
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amount of specific (ubiquitin sample) and non-specific (GFP sample) peptides for each identified
protein were plotted in function of their confident scores. As shown, the proportion of non-
specific over ubiquitinated proteins becomes too important below the score of 50. Hence, only
proteins identified with a score superior to 50 are considered significant. (B) Table showing the
20 best ubiquitinated proteins among the 364-total identified. (C) Repartition of ubiquitinated
proteins and total proteins of MiaPaCa-2 cells within biological processes (Values > 1.5% were
considered only).

Figure 4: Gemcitabine induced alterations of PTM profiles (adapted from Bonacci et al.”). (A)
Listing of the 20 proteins with highest increased (total 73) or decreased (total 29) ubiquitination
upon gemcitabine treatment (Conf: confidence; Ind: induction; Rep: repression). (B) Repartition
of Gemcitabine induced altered ubiquitination within biological processes and comparison with
non-treated.

Figure 5: Functional interactomes of gemcitabine induced altered ubiquitination. Potential
interactions between all proteins with gemcitabine induced alteration of ubiquitination are
identified using a protein-protein interactions database (STRING: string-db.org).

Figure 6: Biochemical validations of interesting gemcitabine induced alterations of
ubiquitination. In order to validate the increased ubiquitination of PCNA after gemcitabine
treatment, lysates of cells expressing 6HF-Ubiquitin, treated or not with gemcitabine, were
subjected to Nickel pull-down (Ni-NTA) followed by anti-PCNA Western blot.

DISCUSSION:

We have developed a robust and reliable methodology to generate profiles of proteins modified
by the main ubiquitin family members. Indeed, we have successfully applied this protocol to
generate profiles of PTMs by ubiquitin, and also by SUMO and Nedd8, and to detect alterations
associated with a treatment’, in response to the over expression or knockdown of a certain gene
(data not shown) and in cells that acquired a resistant phenotype to diverse chemotherapeutic
drugs.

There are only few critical steps during the procedure that the manipulator should be careful
with. Upon pipetting of beads (Ni-NTA or anti-Flag coupled), it is important to resuspend them
thoroughly, especially the anti-Flag beads since are suspended in a viscous glycerol based buffer,
and to cut a bit the end of the tip to increase the section. Another precaution should be followed
is to pipette slowly in order to avoid stacking of beads. Additional critical steps are the elution
with imidazole and then with Flag peptide. A clean Hamilton syringe must be used to recover the
supernatant after elution to avoid, as much as possible pipetting of the beads on which
nonspecific proteins remain.

Depending on the cell type and the amount of required final material for mass spectrometry, the
starting material may be increased or decreased accordingly. Then, the only important
adjustment resides in the volume of nickel beads as it should be of 2 uL per 1 mg of proteins in
lysate. It may happen that the amount of purified proteins is too low. The expression level of
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tagged Ub/Ubl should be controlled and, if it is too low, cells can be re-transduced using the same
lentiviruses. Alternatively, it is possible to increase the amount of starting material. Sometimes,
the amount of nonspecific purified material in GFP or parental cells is too high. One solution to
overcome this problem is increasing the volume and the number of washes at both Ni-NTA and
Flag purification steps. It is also possible to increase the concentration of imidazole in washes
with guanidine buffer, up to 20 mM. Inversely, it is not necessary to increase the concentration
of Flag peptide in the final elution step as it will not increase the elution. It is more important to
use fresh peptide as over time, even if stored at -20 °C, the efficacy of the peptide may decrease.

The main limitation of this protocol is that it is only suitable for cultured cells because they have
to be transduced to express the desired tagged Ubl. Hence, any study on tissues or tumor samples
has to be performed using alternative approaches such as diGly peptides enrichments after
trypsin digestion!!, immunoprecipitation with antibodies specific to the Ub/Ubl of interest®, or
use of TUBEs®. All these alternative methods are also suitable for their application in cultured
cells. They have the advantage of using the endogenous Ub/Ubls machinery. However, several
drawbacks exist. Immunoprecipitations are difficult to be performed with a low background and,
like TUBEs approaches, proteins interacting with modified proteins, and even the modifier itself,
cannot be eliminated, even though practical improvements have been obtained using more
stringent conditions. DiGly peptides enrichment is a very powerful technic but may correspond
to different kind of PTMs. For example, diGly enrichment from a trypsin digested lysate will
identify mainly ubiquitinated proteins but also neddylated ones, as Nedd8 leaves the same
remnant diGly signature as ubiquitin does*.

Another limitation of this protocol is that the presence of the 6His-Flag tag may alter the normal
function of Ub/Ubl and the overexpression by itself could alter the machinery. This could for
example impede the generation of polyubiquitin chains and favor monoubiquitination. However,
since both mono multi and polyubiquitin chains have been identified using this protocol, it seems
that it is not the case’. The presence of the tag at the N-terminus also prevents the formation of
linear ubiquitination, where ubiquitin moieties are linked together via the N-terminal methionine
of ubiquitin. However, even though 6HF-udiquitin cannot be ubiquitinated on its first Met
residue, it still has the ability to end this kind of chain.

Also, whereas it is a substantial advantage to use lentiviruses which enables the creation of stable
cells lines in one or two weeks, it is possible that not all cells would express the desired construct.
This may be not a real problem for the purification procedure as long as enough cells express the
exogenous Ub/ubl, but the problem may come with long term culture as over several passages
there could be a clonal variation with enrichment in cells with less or no expression. This
drawback, however, can be easily bypassed by using lentiviruses containing either a resistance
selection gene or a fluorescent protein which can be use in flow cytometry to select only positive
cells.
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ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article: |Profiling Ubiquitin and Ubiquitin-like Dependent Post-translational Modifications and
Identification of Significant Alterations.

Author(s):

Mirna Swayden, Aurélie Dobric, Yolande Berthois, Hugo Villalba, Stéphane
Audebert, Luc Camoin, Juan lovanna, Philippe Soubeyran

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

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

Standard Access

Item 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government employee.

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

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

ARTICLE AND VIDEO LICENSE AGREEMENT

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

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

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

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

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

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.


https://www.editorialmanager.com/jove/download.aspx?id=1089799&guid=772ad2c2-77e6-4e29-a3d7-279144986967&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1089799&guid=772ad2c2-77e6-4e29-a3d7-279144986967&scheme=1

jove

VISUALIZED F 1.'\ NTS

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

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

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

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

ARTICLE AND VIDEO LICENSE AGREEMENT

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

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

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

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

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

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

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

CORRESPONDING AUTHOR
Name: -
Philippe Soubeyran
Department: .
Pancreatic cancer team
institution: | cRCM INSERM U1068
Title: Dr.
Signature: Mﬂl/ Date: July 30, 2019

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Editorial comments:

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

Done.

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

Copyright permission was obtain on the Journal of proteome research website and uploaded
with the revision. Citations were added in figures legend where needed.

3. Please provide at least 6 keywords or phrases.
Done.

4. Please use a single space between numerical values and their units.
Done.

5. Please use h, min, s for time units.
Done.

6. Please adjust the numbering of the Protocol to follow the JOVE Instructions for Authors.
For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain
from using bullets or dashes.

Done.

7. Please ensure that all text in the protocol section is written in the imperative tense as if
telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). Any text that
cannot be written in the imperative tense may be added as a “Note.”

Done.

8. Please include a scale bar for all images taken with a microscope to provide context to the
magnification used. Define the scale in the appropriate Figure Legend.
Done.

9. Please upload each Figure individually to your Editorial Manager account as a .png or a
Aiff file.
Done.

10. Please sort the items in alphabetical order according to the name of material/equipment.

Done.

11. Figure 1B: Please add molecular size marker.
Done.

*
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12. Figure 2B: Please use a single space between numerical values and their units. Please add
a unit for molecular weight.
Done.

13. Unfortunately, there are a few sections of the manuscript that show significant overlap
with previously published work. Though there may be a limited number of ways to describe a
technique, please use original language throughout the manuscript. Please check the
iThenticateReport attached to this email.

Technical descriptions and some figures legends were modified accordingly. However, for
some parts, such as acknowledgments part, it is impossible to change the names of organisms
and facilities.

Reviewers' comments:
Reviewer #1:

Manuscript Summary:

In this manuscript, the authors introduced a new two-step purification method (1st: His-tag
and 2nd: Flag-tag) into ubiquitinated proteome analysis to improve its quality. For this
approach, they used a conventional lentivirus-mediated transduction and generated stable cell
lines which expressed 6 XHis- and Flag-tagged ubiquitin.

Major Concerns:

(1) Although the authors validated transduction efficiency by monitoring the fluorescence,
there may be some cells that were not infected by lentivirus. The authors need to discuss the
advantage of this method compared to generating stable cell line by traditional methods such
as drug-selection or fluorescence-mediated cell sorting.

This has been added to the discussion.

(2) Furthermore, this method provides the information about the ubiquitination of targets, but
does not provide the information about the types of ubiquitin chains. The authors need to
discuss the limitation of this approach.

This limitation has been added in the manuscript.

Minor Concerns:

(1) In Figure 1(A), the authors mentioned that the efficiency of transduction was need to be
about 100%. However, it is difficult to determine the transduction efficiency without seeing
the merged images. The authors need to present the merged images.

Merge images are now shown in Figure 1(A).

(2) In Figure 1(B), the upper band of Endo SUMOL1 in GFP lane should be clearly shown and
need to be explained in the figure.

There was a mislabeling as this was the control of ubiquitin expression. This has been
corrected and it is now clearly explain in the figure legend what is the endogenous and the
6His-Flag ubiquitin bands.



(3) In Figure 3(B), the authors suggested ubiquitinated proteins by LC-MS/MS. However, this
reviewer cannot understand the meaning of Ubiquitin-B because there are no proteins named
Ubiquitin-B. Is it possible that the authors confused the protein and gene nomenclatures of
ubiquitin?

There are 4 genes in human genome which code for ubiquitin among which UBB (Ubiquitin-
B). When the mass spectrometry analysis software (MAxquant) identify peptides belonging to
ubiquitin, it choses one of those genes. In that particular case it was UBB, but sometimes it
attributes the score to UBC or UBA52 or RPS27A.

(4) The authors mentioned that the accuracy is a main advantage of this method. Can the
authors compare the results of this two-step method from those of one-step only (e.g., Ni-
NTA alone)?

While developing this method, we started with 6His and even 8His constructs. We chose this
tag because we wanted a purification in denaturing condition to remove all interacting
proteins and it was also previously used in other works, such as the two papers we referred to.
Unfortunately, this always gave many contaminant proteins, mainly the ones naturally rich in
histidine residues or containing histidine stretches within their sequence. At the end, the
addition of a second tag, Flag, demonstrated the best improvement, even though this second
step is realized in non-denaturing condition.

(5) The followings need to be corrected. In line 96, PCCL -> pCCL; in line 124, pH8 ->
pHB8.0; and in Figure 1(A), scale bars need to be included.
These typo mistakes were corrected.

Reviewer #2:

The paper describes a method to study PTMs, in particular ubiquitin, at a proteome-wide
level. For this, the authors create a stable cell line expressing a two tags version of ubiquitin to
purify modified proteins and identify them by mass spectrometry. Simple bioinformatics tools
could then tell which proteins were ubiquitinated under the imposed conditions (DNA damage
in this case).

| have several questions and comments and | hope the authors could clarify these.

- In the Introduction section, the authors state that ubiquitin and ubl's have the potential to
regulate "all intracellular or partially cytoplasmic proteins™. Although it is tempting to
speculate this, there is no evidence that "all" proteins could be targets for ubiquitin. The
authors should slightly downplay their statement.

According to UbiNet resource, 14692 unique human proteins were found as ubiquitin
substrate with 43948 ubiquitin sites. Also, one recent publication, Akimov et al
(https://doi.org/10.1038/s41594-018-0084-y) identified more than 63000 unique
ubiquitination sites within 9200 human proteins. Hence, though this is not yet proved, and
maybe not all cytoplasmic or partially cytoplasmic proteins can be ubiquitinated, recent big
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scale screenings tend to show it. However, according to this comment the sentence was
changed to be less affirmative.

- The authors state that the combinatorial use of two tags is more efficient that single tag
versions of the method. | would say it is probably more selective, not more efficient.
Indeed, this is right. Hence we changed the text accordingly.

- The protocol steps 1 and 2 are described in detail. However, section 3 is bothering me: while
mass spectrometry is the central, crucial tool in this method, there is no description
whatsoever about the details of the mass spectrometry methods. | think this is a void that
ought to be filled: which instruments were used, which LC-MS configuration, and, most
importantly, which software tools were used for both identification and (semi-)quantitation of
proteins?

We kept to the description of what would be the movie about. We can add these details
regarding the mass spectrometry settings and software used with parameters. They can also be
found in refs such as Bonacci et al 2014. Alternatively, we can add them in this manuscript
and then we should go to film part of the experiment at the proteomic platform. This is
possible and will depend on the Editor.

- In addition, the data interpretation needs to be revised. The idea that "[...] proteomic
platforms usually send mass spectrometry data as Excel files [...] is slightly outdated: there
are better tools in protein identification software these days. The authors have chosen to base
their comparative method on peptide counting as "[...] the results obtained with peptide count
numbers and peak area values should be similar [...]". I do not agree with this statement:
peptide and protein quantitation based on peak area values is more accurate than just counting
peptides. Peptide counting as a method for protein quantitation (e.g. emPAl, etc.) has become
an obsolete tool and there are plenty of methods available which are based on peak area
values. For abundant proteins the difference between both methods may not seem spectacular,
but for lower abundant proteins there are substantial differences.

Manuscript was changed accordingly to these comments. The formulas that we provide here
are dedicated to simple and rapid exploration of data from mass spectrometry which usually
contain both peptide numbering and peak areas. These formulas can be easily applied to both
type of values. Furthermore, we now also mention that dedicated software exist, such as
Perseus, which can be used to give a better and more accurate result.

- Also, the scoring cutoff of 50% seems like a relatively non-stringent cutoff to me. If |
understand it correctly, proteins that have a peptide count that is at least two times higher than
in the GFP control, are considered ubiquitinated in this method. | would like to see a similar
analysis based on peak area numbers and see whether the threshold value can be set more
stringently then.

Figure 3(A) shows the repartition of signals over nonspecific GFP background. There, we can
easily see that below this 50% value the amount of nonspecific signals becomes major. Hence
it sounded logical to fix the limit at this value. It is true that, however, one can chose more or
less stringent values, depending on what is expected.

- Finally, the limitations of the method are clearly described in the Discussion section.



Like any method this one has its advantages and limitations. With the help of both reviewers,
this listing in now more complete.



reply to editorial's comments

Permissions, etc.);Point by point reply to editorial

Point by point reply to editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.
This was done one more time.

2. JoVE cannot publish manuscripts containing commercial language. This includes company names
of an instrument or reagent. Please remove all commercial language from your manuscript and use
generic terms instead. All commercial products should be sufficiently referenced in the Table of
Materials and Reagents. Examples of commercial language in your manuscript include Bio-Rad,
Lipofectamine, Qiagen, Sigma-Aldrich, etc.

Commercial language was removed.

3. For steps that are done using software, a step-wise description of software usage must be included
in the step. Please mention what button is clicked on in the software, or which menu items need to
be selected to perform the step.

It is unfortunately impossible to detail all the data manipulations using perseus software since there
are a lot, they may vary depending on the format of the data, and most of these are found within the
help menu or on the web site. We have to mention the possibility of using this kind of software to
study MS peak areas data following second reviewers' recommendation, but this is not the purpose
of this manuscript to explain how to use them.

4. Step 1.1: What’s the cell density?
This information was added.

5. Step 1.2: Please write this step in the imperative tense.
The sentence was corrected.

6. Step 1.4: What's the temperature for incubation?
This information is now added.

7. Step 2.7: What's rate for rotation? Is it 2 h 30 min?
These information were added.

8. Please do not use more than 1 note for each step. Please avoid long notes (more than 4 lines).
This point was corrected.

9. All figures should be uploaded separately to your Editorial Manager account.
Done at the uploading step.

10. There is a 2.75 page limit for filmable content. Please highlight 2.75 pages or less of the Protocol
steps (including headings and spacing) in yellow that identifies the essential steps of the protocol for
the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol.
Protocol steps were highlighted in yellow according to recommendation.
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