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18  Protein-protein interactions (PPls) are fundamental to the generation of biological effects. Many
19 are intimately linked with disease, and they are increasingly recognized as offering important
20  targets for drug action®. Numerous techniques are available to study these protein interactions,
21  some of which are discussed in this collection or in other JoVE articles. Each technique has its
22  own merits and limitations?; however, there is no one perfect technique for all PPIs due to the
23 massive diversity of these interactions which occur in different subcellular compartments, with
24 a wide range of affinities (picomolar to millimolar), and may be only transient in nature.
25
26 Invitro kinase assays are an indirect approach for studying PPls that can be used to analyze how
27  kinases perform their functional role of transferring a phosphate group from ATP to a substrate.
28  Cui et al.? use this technique, coupled with tryptic digest and mass spectrometry, to identify the
29  cyclin-dependent kinase-1-specific phosphorylation sites on a fragment of the human
30 centromere protein F (CENP-F). For functional verification of novel phosphorylation sites, the
31 authors use a binding assay, combining CENP-F containing a phosphomimetic mutation and
32  karyopherin a, a nuclear transport receptor, thus providing cross-validation.
33
34  Coimmunoprecipitation is a widely used method for studying PPIs in which an antibody is used
35 to capture a specific target together with any other protein molecules that are associated with
36 it. Zheng and colleagues* apply this technique to study hypoxia-inducible factors (HIFs) that
37 function as heterodimers composed of an oxygen-regulated a subunit and a constitutively
38 expressed B subunit also known as ARNT3. An interesting note about their protocol is that the
39 cellsareinduced and harvested under hypoxic conditions, and endogenous proteins from nuclear
40 fractions are then coimmunoprecipitated. As the authors note, one limitation of the method is
41  that it cannot determine if PPIs are direct or indirect.
42
43  Nolan et al.> present a protocol for the measurement of the number of molecules and their
44  brightness in fluorescence microscopy images ‘Number and Brightness’ (N&B), that can be


https://www.editorialmanager.com/jove/download.aspx?id=1032484&guid=5db6f3b4-dabf-48f3-bb98-f1a0b142e625&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1032484&guid=5db6f3b4-dabf-48f3-bb98-f1a0b142e625&scheme=1

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

applied to detecting protein homo-oligomerization. The technique can be used both in vitro and
in vivo and has been applied to accurately quantitate the oligomeric state of mVenus-labelled
FKBP12F36V before and after the addition of a dimerizing drug. The authors discuss the merits
of the technique relative to related technologies and highlight the importance of correcting for
bleaching and long-term intensity fluctuations. Confocal microscopes equipped with digital
detectors make quantitation easier, but N&B is also possible with analog detectors.

Affinity purification of multiprotein complexes, together with the identification of their
components, has been a widely used technique for understanding the functions of such
complexed proteins. In the protocol by Luzarowski et al.%, this technique is taken a step further
by simultaneously characterizing both PPIs and protein-metabolite interactions (PMlIs) in
transgenic Arabidopsis plant cells. Tagged nucleoside diphosphate kinases are affinity purified by
the tandem-affinity purification (TAP) tag procedure with captured proteins and small molecules
subsequently being identified by mass spectrometry. The uniqueness of this protocol is the ability
to identify both hydrophobic and hydrophilic ligands; it is a three-in-one extraction protocol that
enables both PPls and PMls to be studied and applies affinity purification to the planting of cells.

The proximity ligation assay has the advantage of being used to detect interactions between
endogenous proteins in cells and tissues. Karchugina and Chernoff’ use the technique to show
the presence of heterodimers of the kinases MST1 and MST2 in human Schwann cells (HSCs) and
human embryonic kidney cells (HEK-293). Their article has several valuable pointers on how to
perform the technique successfully. Appropriate primary antibodies raised in different species
against each interacting protein are required, and since the specificity and sensitivity of the
antibodies are key, antibody concentrations should be finely tuned. The authors found glass
chamber slides convenient for analyzing multiple cell lines and antibody combinations but noted
that it is imperative to remove all of the silicone insert between wells to avoid differences in the
confocal distance during microscopy. In addition, various positive and negative controls are used
to validate the results.

Nuclear magnetic resonance (NMR) spectroscopy is a sensitive assay that can be used to provide
atomic-level resolution and quantitative information about protein interactions and protein-
ligand interactions. Winkelaar and colleagues® use the technique to study the interaction of two
proteins (vimentin and envoplakin) found in desmosomes, cell structures involved in cell-to-cell
adhesion that are typically found in tissues that experience intense mechanical stress. The
authors use a *°N-labelled vimentin domain and acquire a 2D spectrum using heteronuclear single
guantum correlation (HSQC). In the presence of a domain from envoplakin, extensive line
broadening and peak disappearance are observed, consistent with protein interaction. The
authors further probe the basis of the interaction using mutagenesis and microscale
thermophoresis (MST) to provide quantitative information.

Small-angle X-ray scattering (SAXS) is a technique that can be used to provide information on the
size and conformations of a macromolecule in solution and generate a molecular envelope of
large, multidomain or protein complexes at low resolution. In the protocol by Mrozowich et al.?,
the technique is used to generate a low-resolution structure of nidogen-1 and laminin y-1 in
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complex. The technique may be of interest to researchers studying PPls in large proteins with
multiple globular domains that are too big for NMR spectroscopy and are challenging to
crystallize for X-ray crystallography.

It has been estimated there are some 650,000 interactions in the human interactome®—enough
to keep researchers in the field busy for some time to come. A recent development, made
possible by advances in microscopy, mass spectrometry, and machine learning, is spatial
proteomics that may provide great insight in this area in the future!!. This collection of PPI
methods will help researchers tackle this important challenge while avoiding potential pitfalls.
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Title of Article:
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Author(s):
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ltem 1: The Author elects to have the Materials be made available (as described at

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

I:I Standard Access

Item 2: Please select one of the following items:

Open Access

The Author is NOT a United States government employee.

I:IThe 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 3.0
Agreement (also known as CC-BY), the terms and conditions
of which can be found at:
http://creativecommons.org/licenses/by/3.0/us/legalcode
; "CRC NonCommercial License" means the Creative
Commons Attribution-NonCommercial 3.0 Agreement (also
known as CC-BY-NC), the terms and conditions of which can
be found at: http://creativecommons.org/licenses/by-
nc/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. If the "Standard Access" box

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

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

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

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
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
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discretion andwithout 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 contaminationdue to
the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
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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 of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

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