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SUMMARY:

Disulfide linkages have long been known to stabilize the structure of many proteins. A simple
method to analyze multimeric complexes stabilized by these linkages is through non-reducing
SDS-PAGE analysis. Here, this method is illustrated by analyzing the nuclear isoform of dUTPase
from the human bone osteosarcoma cell line U-2 OS.

ABSTRACT:

The structures of many proteins are stabilized through covalent disulfide linkages. In recent work,
this bond has also been classified as a post-translational modification. Thus, it is important to be
able to study this modification in living cells. A simple method to analyze these cysteine-stabilized
multimeric complexes is through a two-step method of non-reducing SDS-PAGE analysis and
formaldehyde cross-linking. This two-step method is advantageous as the first step to uncovering
multimeric complexes stabilized by disulfide linkages due to its technical ease and low cost of
operation. Here, the human bone osteosarcoma cell line U-2 OS is used to illustrate this method
by specifically analyzing the nuclear isoform of dUTPase.

INTRODUCTION:

Disulfide linkages have long been known to stabilize the structure of many proteins. In recent
work, this bond has also been classified as a reversible post-translational modification, acting as
a cysteine-based “redox switch” allowing for the modulation of protein function, location and
interaction'™. Thus, it is important to be able to study this modification. A simple method to
analyze these cysteine-stabilized multimeric complexes is through non-reducing SDS-PAGE
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analysis®. SDS-PAGE analysis is a technique used in many laboratories, where the results can be
obtained and interpreted quickly, easily, and with minimal costs, and is advantageous over other
techniques used to identify disulfide linkages such as mass spectrometry®’ and circular
dichroism?,

One important step in determining if this method is an appropriate technique to aid in a study is
to thoroughly examine the primary sequence of the protein of interest to insure there are
cysteine residue(s) present. Another helpful step is to research any previous crystal structures
published or use a bioinformatics application to explore the three dimensional structure of the
protein of interest to visualize where the cysteine residue(s) may be located. If the residue(s) is
present on the outside surface it may be a better candidate to form a disulfide linkage rather
than a cysteine residue buried on the inside of the structure. However, it is important to note
that proteins may undergo structural changes upon substrate interactions or protein-protein
interactions allowing these residues to then become exposed to the environment as well.

Identified multimeric complexes can then be verified with chemical cross-linking using
formaldehyde. Formaldehyde is an ideal cross-linker for this verification technique due to the
high cell permeability and short cross-linking span of ~2-3 A, ensuring detection of specific
protein-protein interactions®°. Here, this method is illustrated by analyzing the nuclear isoform
of dUTPase from the human bone osteosarcoma cell line U-2 OS*!. However, this protocol can be
adapted for other cell lines, tissues and organisms.

PROTOCOL:

1. Blocking free cysteine residues using iodoacetamide

1.1. Grow U-2 OS cells in a 6 cm? dish to 50%—60% confluency in minimum essential medium with
high glucose containing 10% fetal bovine serum and 1% sodium pyruvate at 37 °Cin 5% CO..

1.2. Make a fresh stock of 10 mM iodoacetamide just prior to use, then discard any unused
reagent.

1.3. Add 0.1 mM final concentration iodoacetamide directly to the cell culture media. Gently rock
the dish at room temperature for 2 min.

2. Harvesting the cells
2.1. Aspirate the media from the cells.

2.2. Wash the cells with 5 mL of cold phosphate-buffered saline (PBS) three times. Aspirate the
final PBS wash solution then add 1 mL of cold PBS.

2.3. Scrape the cells off the bottom of the dish using a cell scraper. Using a 1 mL pipette draw up
the PBS and cell suspension and dispense all the liquid into a 1.5 mL microcentrifuge tube.
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2.4. Spin the cells at 7,500 x g for three min at 4 °C. Aspirate the PBS, leaving the cell pellet
behind. The cell pellet can be stored at -80 °C until processing

3. Extraction of protein

3.1. Prepare 100 pL of a 1x lysis buffer diluted in ddH.O (See Table of Materials). Add
phenylmethylsulfonyl fluoride (PMSF) immediately before use to a 1 mM final concentration.

3.2. Add 50 pL of the 1x lysis buffer directly to cell pellet and suspend. Incubate this on ice for 5
min.

3.3. Sonicate for 8 s using the constant pulse mode at 40% (see Table of Materials for sonicator;
adjust as necessary for different sonicators), keeping the extract on ice.

3.4. Spin the extract at 4 °C for 5 min at 16,000 x g. The supernatant is the soluble protein
fraction. Bradford analysis can be performed to determine protein concentration if desired.

4. Sample preparation
4.1. Take 10 pL of the soluble protein extract and add 10 uL of a 1x Laemmli SDS-sample buffer
(4% SDS, 20% glycerol, 0.004% bromophenol blue, and 0.125 M Tris-HCl, pH 6.8). Do not add any

reducing reagents.

4.2. Keep samples on ice if SDS PAGE analysis will be performed that day; for long term storage,
-20 °Cis appropriate. Right before running the gel, heat the sample for 5 min at 85 °C.

5. In vivo formaldehyde cross-linking of endogenous proteins in U-2 OS cells

5.1. Grow U-2 OS cells in a 175 cm? flask to 70%—80% confluency (see section 1).

5.2. Perform the formaldehyde crosslinking reaction

5.2.1. In a fume hood, aliquot a 37% formaldehyde solution purchased from commercial sources.
Add the formaldehyde fixative directly to the medium to a final concentration of 1% and incubate

at room temperature with gentle agitation for 15 min.

5.2.2. To quench the reaction, add 1.25 M glycine to a final concentration of 0.125 M and
incubate at room temperature with gentle agitation on a rocker for 5 min.

5.3. Wash the cells with 5 mL of cold PBS three times. Aspirate the final PBS wash solution and
add 10 mL of PBS. Scrape the cells off the bottom of the flask using a cell scraper.
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5.4. Using a 10 mL pipette, draw up the PBS and cell suspension and dispense all of the liquid into
a 15 mL conical centrifuge tube. Spin the cells at 500 x g for 2 min at 4 °C. Aspirate the PBS, leaving
the cell pellet behind.

6. Fractionation of nuclei.

6.1. Prepare 10 mL of homogenization buffer: 0.25 M sucrose, 1 mM EDTA, 10 mM HEPES, and
0.5% BSA at pH 7.4. Add PMSF immediately before use to a 1 mM final concentration and 3mL of
nuclei suspension buffer (0.1% Triton X-100 in PBS).

6.2. Add 5 mL homogenization buffer directly to the cell pellet and suspend completely.
Centrifuge the suspension at 500 x g for 2 min at 4 °C then discard the supernatant.

6.3. Suspend the pellet in 5 mL of homogenization buffer. Use a tight-fitting glass-Teflon
homogenizer, dounce homogenize cells at 10 strokes/500 rpm.

6.4. Centrifuge the suspension at 1,500 x g for 10 min at 4 °C, then discard the supernatant.
NOTE: Use the supernatant for isolation of mitochondria by centrifuging at 10,000 x g for10 min.
6.5. Suspend the pellet in 1 mL nuclei suspension buffer and incubate on ice for 10 min.

6.6. Centrifuge at 600 x g for 10 min. Discard the supernatant.

6.7. Suspend the pellet in 1 mL nuclei suspension buffer and centrifuge again. Discard the
supernatant. The final pellet will be isolated nuclei.

7. Extraction of protein

7.1. Repeat section 4, except adding 25 plL of the 1x lysis buffer directly to the cell pellet then
suspending.

8. Sample preparation

8.1. Prepare two samples for SDS-PAGE by taking 10 uL each of the soluble protein extract and
add 10 pL of 2x Laemmli SDS-sample buffer and 1 pL of 2-Mercaptoethanol (BME).

8.2. Heat one sample for 5 min at 37 °C and the second sample for 15 min at 98 °C to reverse the
formaldehyde cross link.

9. SDS-PAGE analysis.

9.1. Prepare 1 L of 1x Tris-glycine running buffer (25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS).
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9.2. Set up the SDS-PAGE running apparatus.
NOTE: This protocol uses a 16% precast TGX SDS-Page. Of note, any percentage gel can be used.

9.2.1. Per the manufacturer protocol, open the package the gel is stored in and remove the
cassette.

9.2.2. Remove the comb that is lining the wells and the tape from the bottom of the cassette.
9.2.3. Place the gel into the running apparatus.

9.2.4. Fill the chamber with the 1x running buffer until the wells are submerged in liquid. Using a
plastic pipet, rinse out the wells with the running buffer.

9.3. Load the samples on the gel along with 10 uL prestained standard marker.
9.4. Run the gel at 200 V until the dye front is approximately 1 cm from the bottom of the gel.
10. Western Blot

10.1. Prepare 1 L of 1x transfer buffer (25 mM Tris, 192 mM Glycine, 20% methanol) and store at
4 °C until use.

10.2. Carefully remove the gel and open the cassette. Using a razor, carefully cut and discard the
stacking gel. Pick up the gel using one corner and place it into a tray with transfer buffer, allowing
it to rock gently for 5 min.

10.3. While the gel is rocking, place an ice block (stored in -20 °C) into the transfer tank and add
the transfer buffer to % full.

10.4. Wet the polyvinylidene fluoride (PVDF) membrane by soaking it in 100% methanol for 30 s.

10.5. Once the 5 min have passed, prepare to set up the transfer in a tray with transfer buffer.
The transfer buffer should be enough to completely submerge the blot. Set up the blot transfer
as follows: at bottom, the bottom of the cassette holder (black); then a thick sponge, extra thick
blotting paper, the polyacrylamide gel, a PVDF membrane, extra thick blotting paper, and a thick
sponge; then finally the top of the cassette holder (white) at top.

10.6. Lock the cassette and place the unit into the transfer tank with the PVDF membrane
towards the positive anode and the gel towards the negative. Top off the unit with transfer buffer

until your transfer is completely submerged.

10.7. Place the unit on top of a stir plate. Add a stir bar to the unit and begin stirring at 125 rpm.
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10.8. Run at 100 V for 60 min.

10.9. While the transfer is running, prepare a solution of 5% powdered milk dissolved in Tris-
buffered saline, with Tween-20, pH 7.5 (TBST).

10.10. Dismantle the unit and remove the membrane, noting which side was in contact with the
gel; ensure this side stays up in the tray for the remaining steps.

10.11. Soak the membrane for 2 min in Tris-buffered saline (TBS) followed by blocking the
membrane by incubating in 5 mL of 5% milk-TBST solution for 30 min at room temperature.

10.12. Replace the milk with a fresh 4 mL of 5% milk-TBST solution and add the primary antibody
at the proper dilution (in this case, our dilution is 1:2000 for the dUTPase antibody) and incubate
over night with gentle rocking at 4 °C.

10.13. The following day, remove the blot from the 4 °C rocker to a room temperature rocker,
discarding the primary antibody solution.

10.14. Do three quick washes with TBST, using enough liquid to completely submerge the blot,
followed by 3 washes, 5 min each, rocking slowly.

10.15. Following the last wash, add 5 mL of the 5% milk-TBST solution and rock the blot for 15
min then discard.

10.16. Add secondary antibody diluted in 5% milk-TBST at the desired concentration. (In this case,
1:5000 dilution of goat anti-rabbit diluted in 5 mL of 5% milk-TBST solution)

10.17. Incubate at room temperature, rocking for 1 h, then discard the solution.

10.18. Do three quick washes with TBST followed by 3 washes, 5 min each, rocking slowly, then
discard the final wash and add 5 mL of TBS.

10.19. Prepare a 1:1 mixture of an ECL chemiluminescent detection solutions (1 mL of each
reagent for a final volume of 2 mL) and add this directly to the blot incubating for 1 min.

10.20. Remove the membrane using tweezers and dab the corner with a laboratory wipe,
removing any excess solution. Place the membrane in shrink wrap and place the protein side up
in an x-ray cassette.

10.21. Expose the membrane to x-ray film. The time of exposure will vary.

REPRESENTATIVE RESULTS:

Nuclear dUTPase forms an intermolecular disulfide linkage forming a stable dimer configuration
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through the interaction of two cysteine residues positioned at the third amino acid of each
monomeric protein'!. This is demonstrated in Figure 1A,B. To ensure this disulfide linkage was
not a nonspecific interaction due to migration abnormalities in the non-reduced environment,t
the inclusion of a proper control was essential. Of note, nuclear dUTPase is one of four isoforms
present in humans. Three of the four isoforms have a unique amino-terminal domain while
sharing a common catalytic core'''2, As seen on the western blot, the monomeric confirmation
of dUTPase in human cells at the time of harvesting is a combination of at least three of the
isoforms of dUTPase (the mitochondria isoform, the nuclear isoform, and a truncated version
notated at M24), all of which are recognized by our polyclonal antibody. The nuclear isoform is
the only isoform that contains a cysteine residue in its unique amino terminal domain. Due to the
nuclear isoform being only a small percentage of the monomeric state of the proteins seen on
the western blot, it was exposed longer to demonstrate the dimeric state of that isoform.

The mitochondrial isoform lacks the cysteine residue present in nuclear isoform and was used as
a control for this intermolecular disulfide linkage. As seen in Figure 1C, isolation of mitochondria
followed by a western blot analysis demonstrated that this isoform under non-reducing
conditions did not form a disulfide linkage and migrated to the predicted molecular weight for
the monomeric protein.

To confirm this complex can form a multimeric complex, formaldehyde cross-linking was
performed. Isolated nuclei were subjected to 1% formaldehyde treatment followed by
denaturing SDS-PAGE/western blot analysis under reducing conditions. As demonstrated in
Figure 2, the dimerization was visualized. When the cross-link was reversed by incubating the
sample at 95 °C for 15 min, the complex was destabilized and could be visualized in its monomeric
state.

FIGURE LEGENDS:

Figure 1. Demonstration of intermolecular disulfide bond formation in the nuclear dUTPase
protein. (A) A western blot analysis of total cell extracts (TCE) in the absence of the reducing
agent, beta-mercaptoethanol (BME), demonstrates a multimeric complex formation in
asynchronous populations of U-2 OS, Saos2, A549, and 18CO as indicated by the black box. (B)
This complex disappears with the addition of BME in all four cell lines examined, indicating the
presence of a disulfide linkage. (C) A western blot analysis of TCE and purified mitochondrial
extracts (Mito) derived from U-2 OS cells, £BME, shows no multimeric complex formation in the
—BME sample. The lower panels in panels A, B, and C demonstrate exposure to X-ray film for 10
s, showing the monomeric state of the three isoforms of dUTPase. The upper panels in A and B
were exposed for 1 min, while the upper panel in C was exposed for 2 min. Equivalent amounts
of protein were applied to each lane. Blots were probed with a polyclonal specific antibody
against the conserved carboxyl-terminal domain of dUTPase. This figure has been modified from
Rotoli et al.1!

Figure 2. Formaldehyde cross-linking of nuclear dUTPase demonstrate multimeric complex
formation. U-2 OS cells were incubated with 1% formaldehyde for 15 min. Nuclei (N) were
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isolated then analyzed by western blot using a specific polyclonal antibody against the conserved
carboxyl-terminal domain of dUTPase (+ formaldehyde). To reverse the formaldehyde cross-links,
extracts derived from the nuclear preparations were mixed with SDS-PAGE buffer then heated to
98 °C for 15 min in the presence of BME (+formaldehyde, 98 °C for 15 min). The observed
heterogeneity (i.e. doublet bands of nDut) seen with the preparations remain to be explained,
but may be due to anomalous migration due to the formaldehyde treatment. The lower panel is
exposed to X-ray film for 10 s, while the upper panel is exposed to X-ray film for 2 min. This figure
has been modified from Rotoli et al. 1

DISCUSSION:

The method outlined here gives a straight-forward protocol for the analysis of multimeric
complexes stabilized through disulfide linkages. This protocol can easily be adapted to other cell
culture lines, tissues and organisms allowing for a broad range of applications.

An important step in this procedure is to ensure the disulfide linkages are not a consequence of
the extraction procedure. Any free cysteine residues can be blocked using iodoacetamide?!3. This
alkylating agent will bind covalently to cysteine residues though their thiol group, blocking the
formation of new disulfide bonds. However, if the disulfide bond is present at the time of
treatment this agent will not disrupt it. Optimization of the iodoacetamide can be done using a
variation of concentration and time. However, over exposure to this reagent will cause cell death.

An additional step to this protocol that may be helpful is the optimization of the formaldehyde
cross-linking. A variation of the percent of formaldehyde can be used as well as the time of cross-
linking®14. It is important to note that as the percent of formaldehyde as well as time increases,
so do the chances of forming non-specific interactions. Downstream confirmation of the
multimeric complex is also necessary. A useful technique to determine the molecular weight and
identity, if the complex is a heteromultimeric, is mass spectrometry. Also, site directed
mutagenesis can be a suitable technique to determine the cysteine residues responsible for the
disulfide linkage.

Lastly, this two-step method of non-reduced SDS-PAGE analysis and formaldehyde cross-linking
verification is beneficial due to its technical ease and low cost. It can be a first step in uncovering
multimeric complexes stabilized by disulfide linkages.
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Table of Materials

Name of Material/ Equipment
16% precast TGX gels

175 cm” Flask

18CO

6 cm’ dish

A549

Amersham ECL detection kit
Blot transfer apparatus
BME

Bradford protein reagent
Bromophenol Blue

BSA

Cell lysis buffer
Centrifuge

DMEM

Drill

EDTA

Electrophoresis apparatus
Extra thick western blotting paper
Fetal bovine serum
Formaldehyde
Glass-teflon homogenizer
Glycerol

Glycine

Heat block

Hepes

Hydrochloric acid
lodoacetamide

Kimwipe

Methanol

Non-fat dry milk

PBS

Company

ThermoFisher

Cell star
ATCC

VWR

ATCC

GE

Biorad

Sigma Aldrich
Biorad

Cell signaling
Cell signaling
Eppendor
Gibco

Sigma Aldrich
Invitrogen
ThermoFisher
Gibco
ThermoFisher

Sigma Aldrich
RPI

Denville
Sigma Aldrich
VWR
ThermoFisher
Kimtech
Pharmco

Cell signaling
Sigma Aldrich
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Catalog Number

Xp00160

658175
CRL-1459

10861-588
CCL-185
16817200
153BR76789
M3148
5000006

99985
9803
5415D
11330-032

M101
A25977
88610
1932693
28908

65516
636050
10285-D
HO0527
2018010431
90034
34155
339000000
99995
P3813
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ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:

Combining non-reducing SDS-PAGE analysis and chemical crosslinking to detect multimeric
complexes stabilized by disulfide linkages in mammalian cells in culture

Author(s):

Shawna M. Rotoli and Salvatore J. Caradonna, Ph.D.

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:

DOpen 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.

[:lThe 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

a5 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 MyJove 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.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

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

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

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 JoOVE the
maximum rights permissible within such statute.

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

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 reguiations, 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 décline 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

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
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: Salvatore J. Caradonna, Ph.D.

Department:  ["\ioiecular Biology

Institution: Rowan University - Graduate School of Biomedical Sciences and School of Osteopathic Medicine
Title: Professor and Chair

Signature: / WLA\ (/‘\/ \ Date: December 3, 2018

Please submit a 5|gned and wd/ted copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe documentto +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter Click here to access/download;Rebuttal Letter;edit notes.docx %

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any
errors in the submitted revision may be present in the published version.

RESPONSE: The manuscript has been thoroughly proofread.

2. Affiliations: Please provide an email address for each author.

RESPONSE: The email address for each author has been added to the text.

3. Abstract: Please do not include references here.

RESPONSE: The abstract has been updated without the use of references.

4. Please expand your Introduction to include the following: The advantages over alternative
techniques with applicable references to previous studies; Description of the context of the
technique in the wider body of literature; Information that can help readers to determine if the
method is appropriate for their application.

RESPONSE: The introduction has been updated as the following: A simple method to
analyze these cysteine-stabilized multimeric complexes is through non-reducing SDS-PAGE
analysis °. SDS-PAGE analysis is a technique used in many laboratories, where the results can be
obtained and interpreted quickly, easily and with minimal costs which is advantageous over
other techniques used to identify disulfide linkages such as mass spectrometry, & and circular
dichroismé.

One important step in determining if this method is an appropriate technique to aid in a
study is to thoroughly examine the primary sequence of the protein of interest to insure there
are cysteine residue(s) present. Another helpful step is to research any previous crystal
structures published or use a bioinformatics application to explore the three dimensional
structure of the protein of interest to visualize where the cysteine residue(s) may be located. If
the residue(s) is present on the outside surface it may be a better candidate to form a disulfide
linkage rather than a cysteine residue buried on the inside of the structure. However, it is
important to note that proteins may undergo structural changes upon substrate interactions or
protein-protein interactions allowing these residues to then become exposed to the
environment as well.

5. Please define all abbreviations before use.

RESPONSE: The protocol has been updated to define all abbreviations.
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6. Please abbreviate liters to L (L, mL, pL) to avoid confusion.

RESPONSE: The protocol has been updated to the appropriate abbreviations.

7. Please include a space between all numerical values and their corresponding units: 15 mL, 37
°C, 60 s; etc.

RESPONSE: The protocol has been updated by including a space between all numerical values
and their corresponding units.

8. JoVE cannot publish manuscripts containing commercial language. This includes trademark
symbols (?), registered symbols (®), and company names before 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. You may use the generic term followed by 3(see Table of Materials)? to draw the
readers’ attention to specific commercial names. Examples of commercial sounding language in
your manuscript are:Eppendorf, Cell Signaling Technology, Bio Rad, etc.

RESPONSE: The protocol has been updated by removing all commercial language.

9. Line 51, step 1: Please specify culture medium and conditions.

RESPONSE: The protocol has been updated to include culture medium and conditions.

10. 9.1: Please list an approximate volume of the buffer to prepare.

RESPONSE: The protocol has been updated to include approximate volumes of the buffer to
prepare.

11.9.2,10.1, 10.2, etc.: The Protocol should contain only action items that direct the reader to
do something. Please write the text in imperative tense in complete sentences.

RESPONSE: The protocol has been updated to imperative tense.

12. Please combine some of the shorter Protocol steps so that individual steps contain 2-3
actions and maximum of 4 sentences per step.

RESPONSE: The shorter protocol steps have been combined having each step contain 2-3
actions and maximum of 4 sentences per step.



13. Please apply single line spacing throughout the manuscript, and include single-line spaces
between all paragraphs, headings, steps, etc.

RESPONSE: Single line spacing has been applied throughout the manuscript.

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

RESPONSE: The highlighted steps have been updated.

15. Please highlight complete sentences (not parts of sentences). Please ensure that the
highlighted part of the step includes at least one action that is written in imperative tense.
Notes cannot usually be filmed and should be excluded from the highlighting.

RESPONSE: The highlighted steps have been updated.

16. Please include all relevant details that are required to perform the step in the highlighting.
For example: If step 2.5 is highlighted for filming and the details of how to perform the step are
given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be
highlighted.

RESPONSE: The highlighted steps have been updated to include all relevant details required to
perform the step.

17. Is Figure 1 reprinted from a previous publication? If so, cite the figure appropriately in the
Figure Legend, i.e. 3This figure has been modified from [citation].?

RESPONSE: Figure 1 is a reprint from "Cysteine residues contribute to the dimerization and
enzymatic activity of human nuclear dUTP nucleotidohydrolase (nDut)". The figure legend has
been updated to include the phase “This figure has been modified from Rotoli et. al” with the
proper citation.

18. Figure 1: Please change the time unit 3sec? to 3s? and include a space between the number
and its time unit (10 s).

RESPONSE: Figure 1 has been updated by changing the secto s, include a
space between the number and its time unit (10 s), and include the unit of the numbers on the
right.



19. Figure 2: Please include a space between the number and its temperature unit (98 °C).

RESPONSE: Figure 2 has been updated to include a space between the number and its
temperature unit (98 °C).

Please indicate the unit of the numbers on the right.

RESPONSE: Figure 2 has been updated to include the unit of the numbers on the right.

20. Please upload each Figure individually to your Editorial Manager account as a .png, .tiff,
.pdf, .svg, .eps, .psd, or .ai file. Please remove the title from the uploaded figures.

21. Table of Materials: Please sort the items in alphabetical order according to the name of
material/equipment.

RESPONSE: The table has been updated to sort the items in alphabetical order.

22. References: Please do not abbreviate journal titles.

RESPONSE: Using the JoVE endnote format, we cannot alter the abbreviations of the journal
titles.

>Reviewers' comments:
Reviewer #1:

This manuscript describes a method to analyze protein complexes in vivo (in live cells), using
chemical cross-linking and non-reducing SDS-PAGE. The method and data presented are
adapted from a previous publication from the same author published in 2018 entitled "Cysteine
residues contribute to the dimerization and enzymatic activity of human nuclear dUTP
nucleotidohydrolase (nDut)".

Below are the criteria/guidelines listed by the Journal for this evaluation of the manuscript (in
italics), and the comments on each one:

1. Are the title and abstract appropriate for this methods article?
The Title is appropriate. | think the phrase "in vivo" in the Abstract is misleading - it should be
changed to "in living cells".

RESPONSE: This has been updated to in living cells throughout the manuscript.

2. Are there any other potential applications for the method/protocol the authors could



discuss?
| don't think so.

3. Are all the materials and equipment needed listed in the table? (Please note that any basic
lab materials or equipment do not need to be listed e.g. pipettes.)
Yes. Note that "methanol" is misspelled as "methonal" in the Table.

RESPONSE: This has been updated to methanol in the table.

4. Do you think the steps listed in the procedure would lead to the described outcome?

Yes, | think so. However, it is not clear at all to me if the iodoacetamide blocking step for free
cysteine described in lines 56-57 is sufficient to quantitatively block all free cysteine (which is an
important part of the method). 2 minutes at room temperature with 0.1 mM iodoacetamide
does not seem enough to me to accomplish this important part of the procedure - did the
author do any experiments to address this concern, or to optimize this step? Or, did the author
try another alkylating agent that is even more cell permeant, like N-ethylmaleimide (NEM), in
place of the iodoacetamide?

RESPONSE: lodoacetamine is a common reagent used to block free cysteine residues.
Optimization of this step was done and can be reviewed in "Cysteine residues contribute to the
dimerization and enzymatic activity of human nuclear dUTP nucleotidohydrolase (nDut)".
Briefly, a titration from 0.1 to 5 mM of iodoacetamide was added to the cell lysis buffer then
the protein was extracted from the cells as described in the lysis procedure resulting is the
same results as adding the reagent directly to cells. A criticism to this technique is that protein
of interest may become oxidized by the lysis itself before the cysteines become modified by
iodoacetamine. To avoid this we suggested to add the reagent directly to the cells prior to lysis.

The manuscript has been updated to include an optimization step as follows:
”Optimization of the iodoacetamide can be done using a variation of concentration and time.
However, over exposure to this reagent will cause cell death.”

5. Are the steps listed in the procedure clearly explained?
Yes, but there is substantial redundancy - i.e., Section 12 repeats Section 6, and Section 13
repeats Section 7.

RESPONSE: We agree and have updated the manuscript.

Also, why are the cellular confluency levels of the U-2 OS cells different in lines 51 vs line 1577
Is it important, or intended?

RESPONSE: The difference in the confluency levels of the U-2 OS cells were intentional. When
fractionating for the nucleus we found there is the possibility for loss of material from each



extraction and centrifugation step. To compensate for that an increased amount of cells was
used when compared to the total cell extraction demonstrated in figure 1.

Also, what are the sonicator settings used?

RESPONSE: The sonicator settings are 8 s while using the constant pulse mode at 40 %. This has
been updated in the text.

6. Are any important steps missing from the procedure?
No. However, it is incorrect to state that the PVDF membranes are activated by methanol - they
are wetted by methanol (lines 110 and 132).

RESPONSE: This has been updated to say “Wet the PVDF membrane by soaking it in 100%
methanol for 30 s.”

7. Are appropriate controls suggested?

| think using varying amounts of iodoacetamide or varying times of reaction with
iodoacetamide is an important control experiment for the completeness of blocking free
sulfhydryls, which is key to obtaining easily interpretable results using the method described.
Another possible set of controls would be varying the amount or time of formaldehyde cross-
linking, and examining the effects on results.

RESPONSE: We agree and both suggestions can be found in the discussion.

8. Are all the critical steps highlighted?
Yes.

9. Is there any additional information that would be useful to include?

Yes - Figure 2 is correctly identified as a modification of a previously published Figure (Figure 6A
in "Cysteine residues contribute to the dimerization and enzymatic activity of human nuclear
dUTP nucleotidohydrolase (nDut)". However, Figure 1, which seems to be identical to already
published Fig 1 in "Cysteine residues contribute to the dimerization and enzymatic activity of
human nuclear dUTP nucleotidohydrolase (nDut)", is not identified as such.

RESPONSE: Figure 1 is a reprint from "Cysteine residues contribute to the dimerization and
enzymatic activity of human nuclear dUTP nucleotidohydrolase (nDut)". The figure legend has
been updated to include the phase “This figure has been modified from Rotoli et. al” with the
proper citation.

Also, the selected regions of the 10 second exposures of the Western blots shown in Figure 1A,
B, and C are not identified with their molecular weights (presumably about 20 kDa), allowing
the reader to easily identify which bands from the longer exposure blots above them are being
shown.



RESPONSE: We used a commercially available marker that does not include a 20 kDa marker.
The 10 second exposure is the monomer state of the dUTPase proteins which falls between the
molecular weight markers 17 and 26 kDa. | agree it may be clearer however, we will not add a
marker that was not in the standard.

In addition, there is a very central point that needs clarification regarding Figure 1 - Figure 1A is
SDS-PAGE under non-reducing conditions if the dut enzymes are disulfide-linked dimers under
normal physiological conditions, shouldn't the non-reduced immunoblot demonstrate only the
disulfide linked dimer at about 40 kDa, rather than only a small amount of this dimer, compared
to the very large amount of 20 kDa monomer (triplet) band seen in all lanes? Maybe | am
missing something, or something is being left out of the description of the experiment or
method? If the entire blot of Figure 1A would be shown at the 10 second exposure level, |
suspect that the 40 kDa disulfide dimer band would not even be visible.

RESPONSE: Nuclear dUTPase is one of four reported isoforms present in humans. As noted on
figure 1 the monomeric state of dUTPase is a combination of at least three of the isoforms of
dUTPase (the mitochondria isoform, the nuclear isoform, and a truncated version notated at
M24) all of which is annotated on the figure that is recognized by our polyclonal antibody. The
nuclear isoform is the only isoform that forms a disulfide bond shifting its conformation to a
dimer. Due to nuclear isoform being only a percentage of the monomeric state seen on the
figure the western was exposed longer to demonstrate the dimeric state of that isoform.

The manuscript has been updated to the following to clarify this point. Of note, nuclear
dUTPase is one of four isoforms present in humans. Three of the four isoforms have a unique
amino-terminal domain while sharing a common catalytic core. As seen on the western blot the
monomeric confirmation of dUTPase in human cells at the time of harvesting is a combination
of at least three of the isoforms of dUTPase (the mitochondria isoform, the nuclear isoform,
and a truncated version notated at M24) all of which are recognized by our polyclonal antibody.
The nuclear isoform is the only isoform that contains a cysteine residue in its unique amino
terminal domain. Due to the nuclear isoform being only a small percentage of the monomeric
state of the proteins seen on the western, it was exposed longer to demonstrate the dimeric
state of that isoform.

Are the anticipated results reasonable, and if so, are they useful to
readers?
Yes.

Are any important references missing and are the included references
useful?
The references are OK as is.



Additional comments and suggestions:
There are several typos:

Line 102 - "methonal"

Line 122 - "member"

Line 146 - "washers"

Line 195 - "uses"

Lines 196, 202 - "ulL's"

RESPONSE: This has been updated.

Reviewer #2:
Manuscript Summary:

Thiol oxidation and reduction of cysteines is a reversible posttranslation modification where
often cysteines engage in a sequence of consecutive and alternative modifications with
intermediary states often difficult to detect as result of their short existence. Also, the
specificity of such posttranslation modification remains an important question in the field.

Omission of the reducing agent in the sample buffer lead authors to an unplanned and
fortunate discovery that cysteine residue (C3) on amino-terminus of human nuclear dUTP
nucleotidohydrolase (nDUT) contributes to both dimerization and enzymatic activity. The paper
describes how such an approach combined with formaldehyde cross-linking in vivo can be
utilized to detect multimeric protein complexes in mammalian cell cultures. The human bone
osteosarcoma cell line U-2 OS is used to validate the method. Even though the author is correct
that this two-step method is beneficial due to its simplicity and low cost, there are several
issues which need to be addressed in order to improve this manuscript.

Major Concerns:

1. The method lacks the appropriate controls such as amount of protein loaded in each lane.
For nuclear extracts, controls such as Lamin B1 or HDAC1 are commonly used.

RESPONSE: This method is not intended to be quantitative comparing amounts of proteins
from one lane to another but rather a simple yes or no as to if a larger complex was formed
through a disulfide linkage in nonreducing conditions. However, we did extract proteins from
each experiment starting with the same quantity of cells then loaded the same amount of
extract (10 pL) per lane after extracting with 50 pL in figure 1 A and B. For the isolation of both
mitochondria and nuclear extract we used the dUTPase isoforms found in each cellular
compartment as an internal control of proper isolation.

2. Presence of multiple bands in Westerns can be an artifact of sometime too high



concentrations of primary and secondary antibodies, amount of protein loaded, or time of
exposure. Authors should at least mention some of the troubleshooting that can be done in
order to avoid artifacts or over interpretation of the data.

RESPONSE: We believe the multiple bands in the westerns are an artifact of the exposure time
however, the main point of this figure is to demonstrate the appearance then disappearance of
a band that correlates to the addition of the reducing agent BME when the western blots are
exposed to x-ray film for the same amount of time which is clearly demonstrated.

Minor Concerns:

1. What is the origin of the doublet (dimer) in the Figure 2? Is there variation from prep to prep
in regards to this band?

RESPONSE: We believe the doublet in figure 2 may be the other isoforms (variant 3 and/or 4) of
dUTPase forming a complex with either themselves or with nuclear dUTPase. We have some
preliminary data to confirm this however, we believe this is outside the scope of a methods

paper.
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Cysteine residues contribute to the dimerization and enzymatic
activity of human nuclear dUTP nucleotidohydrolase (nDut)
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Abstract

dUTPase is an enzyme found in all organisms that have thymine as a constituent of DNA. - & o 0
Through évolution, humans have two major isoforms of dUTPase: a mitochondrial Fgures  Refergnces  Aplgted  Infonmation
{mDut) and a nuclear (nDut) isoform, The nuclear isoform of dUTPase is a 164-amino-
acids-long protein containing three cysteine residuss. nDut's starting methioning is post- Metrics

translationally cleaved, leaving four unique amino acids on its amino-terminus including

ane cysteine residue (C3), These are not present in the mitachondrial isoform (mDut). o P

Using mass spectrometry anabyses of recombinant dUTPase constructs; we have

discovered an intermolecular disulfide bridge between cysteine-3 of each nDut Details

manomer. We have found that these two residues stabilize a dimer configuration that is S S i
urnigque to the I'.IDLIt isoform. We have also unm'_.re.md an lnlrarnulh.rular disulfide Iimli:agt S Pl doe sk Wu:mﬂmﬂn
between cystesne residues C78 and £134, stabilizing the monomeric state of the protein. Sacety

Of note, both disulfide linkages are essential for nDut’s enzymatic activity and dimeric
formation can be augmented by the addition of the oxidizing agent, hydrogen peroxide

This b a1 apén secess articte under the verme ol
e Craative Comrmems ADrEnnry Mand pmensrcal

to cells, Analyses of endogenous cellular dUTPase proteins confirm these differences Litienad; which pasnits s, ditribution sad
between the two isoforms, We observed that mDut appears to be a mixture of monomer, FERESACTION Ir S mEdiEr, previdad the griginkl
dimer, and trimer conformations, as well as higher-order subunit interactions. In work s praparly cited st ks ot ukad for
contrast, nDut appeared to-exist only in monomeric and dimernc forms, Cysteine-based vsssieiisalitsors

redox "switches” have recently emerged as a distinct class of post-translational ..@ Check lor updatns

madification. In light of this and our results, we propose that nDut possesses a redox
switch whereby cysteine interactions regulate nDut's dUTP-hydralyzing activity.

L]



https://www.editorialmanager.com/jove/download.aspx?id=968702&guid=2b166bc4-387c-4334-90ea-7e07357466b8&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=968702&guid=2b166bc4-387c-4334-90ea-7e07357466b8&scheme=1

