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Protein-Protein Interactions:
The “Interactome”

2 challenges:

- find which proteins interact (the partners)

- find which residues participate in the interactions



Studying protein-protein interactions

. 1. 2-hybrid system
. 2. Antibody-array

. 3. Pull-down
. 4. Immunoprecipitation
. 5. FRET
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Yeast 2-hybrid system
DNA Binding
Domain Activation
* A transcription factor 1s split into 2 domains Domain

» 2 hybrid proteins are designed, each containing one of the two proteins
that are tested

» [f the two proteins interact, the two domains from the transcription
factor will interact, causing expression of a (detectable) reporter gene

* The reporter can be:
- essential, in which case the yeast colony dies if the 2 proteins

do not interact

- reversely, the reporter gene can be attached to a green
fluorescent protein

Unfortunately, the rate of false positive is high (estimated > 45%)



Mammalian 2-hybrid system
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Figure 2. Principle of the mammalian two-hybrid system. The protein coding sequence for the bait protein is cloned into a vector that
containg the DNA bindng sequence (DBD-X (hait) fusion). The protein coding sequence for the prey protein is clongd into a vector that
contains the sequences for transcriptional activation (AD-Y {prey) fusion). The vectors also must contain the necessary elemants for growth
and pretein expression in mammalian cells. The recombinant vectors are then transfected along with a third plasmid containing the appro-
priate DNA binding sites upstreamm of a raporter gene, Only if proteing X andY physically interact are the DED and AD brought together to
reconstitute a functionally active factor that binds to upstream sequences and activate expression of the reportar gene.
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Mammalian two-hybrid system formats

The mammalian two-nhyorid system allows
charactenzation of mammalian protem:proten
Interactions within & celuler environment that
mimics nafiva conditions. Yezst and
mammalian calls differ In pattems of post-
ranglational mocfication, such as
glycosylation, phosphorvation and acytation,
a6 wel s In he intracallular localzation of
erotens, These types of protein modlfications,
a8 vl 3 other Unigus factors or mooulators
presentin mammelian cells, may influence the
ability of protein domains 1o interact,

Another advantage o he mammalian wio-
nyorid system i that the assay s kess fme-
consuming than e yeast two-hiytric system.
Instead! of waitng 3-4 days for yeast colonies
10 grow 1o & reasonable sz for ablue-color

assay, typical reporter assays In he
mammelian system can be performed within
48 hours of franstaction,

The most common format of the mammalian
wo-niytricl system congists of ong vactor
containing the DBD of the GAL4 proten,
another vestor containing the AD of the
hetpes simplex virus VP16, and & third vactor
containing 4-b GAL4 bincing sites Upstraam
of a specific reporter gene,

The primary diference between the various
syatems 15 the reporter gane sed for
dletection of positive nteractions, The thres
most commonly used reporter genes are
oiferase, p-gelactosioase and secretad
alkaline phosphatase (SEAP),



Antibody-Array Interaction Mapping

Antibody-Array Interaction Mapping

Fic. 1. Antibody-array interaction
mapping. a, experimental plan. Using a
microscope slide printed with 48 identi-
cal antibody microarrays, a single serum
sample is incubated on all arrays. Each
array is spotted with 48 different capture
antibodies. After incubation and wash-
ing, each array is probed with one of 48
different detection antibodies, each of
which corresponds to cne of the capture
antibodies. b, molecular detail. Each ar-
ray is incubated with the same serum
sample, resulting in the capture of hypo-
thetical proteins 1, 2, and 3. The detec-
tion antibodies localize to the capture
antibodies at which their targets are
found. The location of the respective de-
tection antibodies reveals information
about potential interactions between the
targeted proteins, in this case an inter-
action between proteins 1 and 3.

a

Serum Sample Incubation

Serum

b

Antibody 1 Antibody 2 Antibody 3

Array 1

Serum Incubation

Pi n1

Pﬂ?ﬂ'l\

/s

Protein 3

Detection A ntibody Incubation

At 1 Antibody 3
Antibody 2 Antibacky 4
Antibody 5 Antibady 7
Amtibody 6 o Antibody 8
Antibody 9 ———=. | [ =mr Antibody 11
A cy 10 Antibody 12
Antibody 13— | [ Antibody 15
Antibody 14 Antibody 16
A 17 Antibody 19
A dy 18 Antibocly 20
Antibady 21 Antibody 23
Antibody 22 Antibody 24
Array 2 Array 3

Amtibody 1 Antibody 2 Antibody 3 Antbody 1 Antibody 2 Antbody 3

Serum Incubation

P n1

Pn?ein

Serum Incubation
n1

Pratein 3




Pull-down assay in vitro

Bait Expressed
as GST Fusion

Endogenous Expressed in E.coli _
Prey Protein from ; ; & j
Miafsriailiain Calli Cell Lysis l Gl Bl-Bait

BindAWash/Capture on

Mammalian Glutathione FParticles
@pfe*” Cell |

Glutathione,
or Prepare Cell Partcle
Extract _
, M and Allowr
Cell Free Expression :
of Prey Protein lMteracton to Oocur
RMA Fre
Promoter ¥
Sequence
Prey
Flasmid Containing \
Frotein Coding .
Sequence of Prey ﬁ*"%-z

zel Electrophoresis Followed
by Western Bloting

BEATHA

Figure 3. Schematic of pull-down assay using bacterial expression of hait protein and mammalian expression of prey protein,
The sequence of the bait protein is cloned into 2 vector containing & G5T tag and the appropriate elements for growth and expression in £
oo, Following expression the GST bait fusion protein is purified using glutathione particles, which bind to the GST tag, A cellular extract is
prepared from mammalian cells containing the prey protein, &n aliquot of the cell extract iz then allowed to interact with the bound GST bait
fusion protein for several hours, After washing away non-specifically bound proteins the complex is eluted by adding reduced glutathione
and analyzed by Westem blotting,




Immunoprecipitation of proteins expressed in the cell
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Figure 7. Schematic of immunoprecipitation from mammalian cells. Mammalian calls are cultured using condtions that stimulate the
endogenous expre ssion and complex formation of prey and balt protein partners. & whole cell extract is prepared using conditions to
maintain the integrity of the complex, Anftibodie s to either partner are added and the complex is captured using protein A or protein G-
sepharose, After washing to remove non-specific proteing, the bait and prev proteing are eluted and analzed by Western blotting using
antibodies to either partner,




FRET(EIuorescence Resonance Energy Transfer)
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FRET(EIuorescence Resonance Energy Transfer)
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When will FRET occus2.

emission

1) Spectral overlap

Donor emission spectrum must

Acceptor
* absorption

significantly overlap the absorption
spectrum of the acceptor (>30%)

2) Distance between the donor and
acceptor is between 2 - 10 nm

2~10 nm

FRET-efficiency (E) depends inversely on the sixth power of
the donor - acceptor distance {r):

The distance R, at which the FRET-effciency equals 0.5 is called Forster radius

R depends on the speciroscopic propertes ofthe donor - acceptor pai,
typical values for R, are 20-50 A




Aequorea victoria Green Fluorescent Protein (GFP)

Aequorea victoria makes the chemiluminescent protein aequorin,
which emits blue light.

GFP absorbs the blue light and shifts
the emission to green light.

The cloning of GFP caused a
revolution in cell biology -

allowing genetically encoded fluorescence labeling.




The detection of FRET indicates the fluorophores are less

than ~ 80A apart: . ALY
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General characteristics of GFP

The wild type GFP displays a complex absorption spectrum:
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The Tyr66 is protonated, and
absorbs strongly at 397 nm.

A charged intermediate
accounts for the secondary
absorption at 476 nm.




Mutant color variants of A.v. GFP

A.v.-base FP color variants from blue to yellow:

= EBFP = ECFP — EGFP = EYFP —~ EBFP ~ ECFP = EGFP EYFP
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The 530 nm emission of YFP was the most red-shifted of the color
variants derived from A.v. GFP.




Aequorea FPs and dimer formation

Dimerization is not typically observed when the proteins are free to
diffuse within the cell;

but, the expression of FPs at high concentrations in a diffusion
limited volume can lead to the formation of dimers.

The substitution of alanine2%
with lysine (A206K) prevents
dimer formation.

Zacharias et al (2002) Science 296:913;
Kenworthy (2002) TBCS 27:435

This is especially important for
FRET-based imaging methods.




Feasible chromophore-pairs in FRET
studies
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{a) Intramolecular FRET

’ CFP

Host protein
'‘'open' conformation

@

{b) Intermcolecular FRET

5 &8

Protein A Protein B Protein—protein complex

Zurrent Opinion in Structural Biology

'Closed' conformation

Intramolecular and intermolecular FRET. {a) Intramolecular FRET can
occur when both the donor and acceptor chromophores are on the
same host molecule, which undergoes a transition, for example,
between ‘open’ and ‘closed’ conformations. In each square box
corresponding to ©FP or YFP {shown in cyan or yellow, respectively),
a diagonal line represents the chromophore. The amount of FRET
transferred strongly depends on the relative orientation and distance
between the donor and acceptor chromophores: the parallel
orientation and the shorter distance (<100 A) generally yield larger
FRET. {b} Intermolecular FRET can occur between one molecule
{protein A) fused to the donor {CFP) and another molecule {protein B)
fused to the acceptor (YFP). When the two proteins bind to each
other, FRET occurs. When they dissociate, FRET diminishes.
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FRET imaging microscopy experiment. In FRET experiments, a single
transfection {intramolecular FRET) or co-transfection {intermolecular
FRET) of the constructs must first be performed. The occurrence of
FRET can be observed by exciting the sample at the donor excitation
wavelengths while measuring the fluorescence intensities emitted at
wavelengths corresponding to the emission peaks of the donor versus
those of the acceptor. If the acceptor and donor are at a favorable
distance and orientation, donor emission intensity decreases (CFP,
cyan) while the acceptor emission (YFP, yellow) intensity increases.
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Monitoring complex formation using FRET
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FRET imaging microscopy experiment. In FRET experiments, a single
transfection {intramolecular FRET) or co-transfection {intermolecular
FRET) of the constructs must first be performed. The occurrence of
FRET can be observed by exciting the sample at the donor excitation
wavelengths while measuring the fluorescence intensities emitted at
wavelengths corresponding to the emission peaks of the donor versus
those of the acceptor. If the acceptor and donor are at a favorable
distance and orientation, donor emission intensity decreases (CFP,
cyan) while the acceptor emission (YFP, yellow) intensity increases.
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Monitoring complex formation using FRET
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FRET imaging microscopy experiment. In FRET experiments, a single
transfection {intramolecular FRET) or co-transfection {intermolecular
FRET) of the constructs must first be performed. The occurrence of
FRET can be observed by exciting the sample at the donor excitation
wavelengths while measuring the fluorescence intensities emitted at
wavelengths corresponding to the emission peaks of the donor versus
those of the acceptor. If the acceptor and donor are at a favorable
distance and orientation, donor emission intensity decreases (CFP,
cyan) while the acceptor emission (YFP, yellow) intensity increases.

Figure 8. The FRET par CFP (donor) and YFP (acceptor) were used to label 2 nudlear
protemns colocalized to interchromatin granules  This was done on a wadefield
fluorescence microscope using standard CFRYFP filter sets {avalable from Chroma).
FRET efficiency varied throughout the cell, with most FRET occurning in the nucl eus.



FLIM (Fluorescence Lifetime Imaging Microscopy)- FRET
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Figure 12.10.2 Detection of fluorescence resonance energy transfer (FRET) by fluorescence
ifetime iImaging microscopy (FLIM). {A) The two fluorescent fusion proteins do not interact. On
absorbing light, the donor fluorophore changes from ground state {(S,) to the excited state (Sz), as
illustrated in the simplified Jablonski energy-level diagram (A, bottom) . This is followed by emission
ol a photon {fluorescence) during the next few nanoseconds (zp). (B} The two fluorescent fusion
proteins interact illustrating the effect of energy transtfer on donor fluorescence litetime. As the
Jablonski diagram shows (B, bottom), deactivation from the donor excited state can occur either
by fluocrescence (downward-pointing arrow), or through the radiationless transter of energy to the

acceptor by FRET. The occurrence of FRET is detectable by a decrease in the donor fluorescence
lifetime (TFFEET}-
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Figure 12.10.7 In vivo FLIM-FRET measurements. Living Hela cells co-expressing either un-
fused, free EGFP and unfused, free mCherry (A), or GFP-coupled directly to mCherry through
a 17-amino-acid linker (B), or GFP-coupled directly to mCherry through a 7-amino-acid linker
{C) were imaged by using the multiphoton scanning microscope. The fluorescence lifetime was
analyzed by using the SPClmage software. For each panel, the spatial distribution of the mean
fluorescence lifetime (=) and of the fluorescence lifetime of the donor molecules interacting with
the acceptor {zrret) 15 shown throughout thecells. The FRET efficiencies were calculated for each
pxel as Erger (%6) = (1 — zepet/To) x 100 Color scale shown covers the range of Egger values from
0% to 60% _ Bars, 10 um. For a color version of this figure. see Afip. vww currentprofocols com



FRET and Flow-Cytometry

Measuring FRET by FACS
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Figure 1. Setup of FRET-measurements by flow cytometry and microscopy. (a) The experimental setup and gating strategy to measure
FRET by FACS. Living 293T cells transfected with the controls CFPonly, YFPonly, CFP and YFP as well as the CFP-YFP fusion proteins were analysed on
a FACS Aria flow cytometer. Double positive cells were gated {panel 1) and false positive FRET signals resulting from YFP excitation by the 465 nm
laser were excluded {panel 2). The remaining cells were evaluated for FRET by adjusting a gate defining to cells which are cotransfected with CFP and
YFP only and should thus be FRET-negative {panel 3). {b) Living 293T cells and cells from the same transfections were treated with 2% PFA and
analysed for FRET as depicted in {a). Shown are mean values +/— standard deviation from seven independent transfections. {c) 293T cells were grown
on cover slips and cotransfected with CFP and YFP or the CFP-YFP fusion protein and mounted on microscope slides. Confocal images were taken
and analysed for FRET using the “FRET and colocalization analyzer” ImageJ plug-in (7). “FRET"-images give the calculated amount of FRET for each
pixel in the merged images. The Image) plug-in colour codes the relative FRET efficiency which is indicated by the displayed colour kar. Furthermare
the “"coloc/FRET"-plots display pixel colocalization as well as colour coded FRET efficiency in a 2D plot. CFP is shown in red and YFP in green.
doi:10.1371/journal.pone.0C9344.g00C1
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Bioluminiscence Resonance Energy Transfer
(BRET)
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BRET for protein-protein interactions imaging in
deep-tissues in living mice

Bioluminescence images of HT1080 cells stably expressing BRET fusion proteins
accumulated in the lungs of nude mice (tail vein injection). Injection of luciferase
substrate at 1.5 h after cell injection ( imaged using sequentially open/donor/akceptor
filters)
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BRET for protein-protein interactions imaging in
deep-tissues in living mice

Bioluminescence images of HT1080 cells stably expressing BRET fusion proteins
accumulated in the lungs of nude mice (tail vein injection). Injection of luciferase
substrate at 1.5 h after cell injection ( imaged using sequentially open/donor/akceptor
filters)
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FRAP (Fluorescence Recovery After Photobleaching)

Fluorescence recovery after photobleaching is a quantitative fluorescence technique that
can be used to measure the dynamics of molecular mobility in 2D by taking advantage of
the fact that most fluorophores are irreversibly bleached by incident light of very high
intensity.
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Figure 3. Anumageis taken prior to photobleaching (1), aregion of interest 1= bleached
to approzmately 50%: of itz oniginal intensity (2), images are acoguired after the
photobhleach penod (3-30. For gualitative FERAFP, it may be enough to simply plot
fluorescence intensity ower tme (known as the recovery curve), or just evaluate the time
course itmages ohtaned. The function of true FEAP analysis, howewer, 15 to fit the
recovery curve to apredefined model (6). The mohile fraction represents the fraction of
recovered fluorescence. T(1/20% 12 the point at which the halfheight recovery intersects
the recowery curwe. T(1F2) can then be used to calculate the diffusion coefficient (see
Axelrod, 1978, for areview of FEAP analysis).




