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Abstract
A common way to study protein function is to deplete the protein of interest from cells and

observe the response. Traditional methods involve disrupting gene expression but these

techniques are only effective against newly synthesized proteins and leave previously exist-

ing and stable proteins untouched. Here, we introduce a technique that induces the rapid

degradation of specific proteins in mammalian cells by shuttling the proteins to the protea-

some for degradation in a ubiquitin-independent manner. We present two implementations

of the system in human culture cells that can be used individually to control protein concen-

tration. Our study presents a simple, robust, and flexible technology platform for manipulat-

ing intracellular protein levels.

Introduction
There are many reasons to control protein concentrations artificially, for example to study
complex biological systems without genetic manipulation or to elucidate protein function. The
most common way to adjust protein concentrations artificially is by regulating protein synthe-
sis. However, long-lived proteins persist after their synthesis has stopped, decaying only by
dilution as cells grow and divide, which makes it difficult to modulate their abundance. Protein
concentrations in the cell are a function of their rates of synthesis and degradation, so another
way to manipulate protein abundance is by altering protein degradation. Most eukaryotic
intracellular protein degradation is controlled by the ubiquitin proteasome system (UPS),
which tunes the concentrations of hundreds of regulatory proteins [1]. Proteins are targeted to
the proteasome by a degradation signal, or degron, that has two components: a proteasome-
binding tag in the form of polyubiquitin chains and a proteasomal initiation region [2]. Degra-
dation is regulated mainly by the covalent attachment of polyubiquitin chains, which serves as
the proteasome-binding tag. The polyubiquitin chains are recognized by proteasome receptors
and degradation initiates at a disordered region in the substrate called an initiation site [2]. The
protein is then threaded into the proteolytic chamber where it is hydrolyzed into short peptides
[1, 3].
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Recruitment of a target protein to a ubiquitin ligase is usually sufficient to mediate its ubi-
quitination and several methods have been developed to control ubiquitination in this manner
[4–6]. For example, bifunctional proteolysis targeting chimeras (PROTACs) are small mole-
cules that bind to both the target protein and a specific E3 (refs [7, 8]). The PROTAC recruits
the target protein to the E3 where it is ubiquitinated and routed to the proteasome for degrada-
tion. Related strategies direct the E3 ligase to the target protein through fusion proteins in
which a truncated ligase or a ligase subunit is fused to an affinity domain that recognizes the
target protein [9–13]. The target is again ubiquitinated and degraded by the proteasome.

In another set of approaches, the stability of the target protein is modulated through a desta-
bilizing domain (DD) that is fused to the protein. The DD interacts with the cellular protein
quality control system, leading to degradation by the proteasome, most likely after ubiquitina-
tion. Mutated forms of FKBP [14, 15], FRB [16] and DHFR [17, 18] domains, or a bacterial
dehalogenase domain (Halo-Tag protein) [19] have all been used as DDs. A small molecule
ligand or temperature then either inhibit or activate the DD and tune the stability of the entire
protein. In an elegant variation, a degron is fused to the C terminus of the target protein,
together with a viral protease that cleaves the degron immediately from the target protein leav-
ing it untagged and stable. Small molecule inhibitors of the viral protease stabilize the full-
length fusion protein so that the C-terminal degron induces the degradation of the entire pro-
tein [20].

Ubiquitin plays a role in many cellular processes other than proteasomal degradation and
its regulation is complex and poorly understood. Interfering with ubiquitination networks can
affect the many cellular pathways it controls, thereby leading to unintended pleiotropic effects
on cells [21–23]. Some proteins are ubiquitinated but not degraded, while others are degraded
by the proteasome yet not ubiquitinated [21, 24]. Therefore, we have developed a method to
control protein degradation independent of the ubiquitination process.

In yeast, localizing a protein directly to the proteasome can lead to its degradation [25]. In
vitro, it is possible to target proteins indirectly to the proteasome through a binding partner
that contains a ubiquitin tag [26]. The binding partner with the ubiquitin tag serves as an adap-
tor that shuttles the target protein to the proteasome by interacting with the target and protea-
some simultaneously. The proteasome can then initiate degradation at a disordered region in
the target protein and digest it. Such adaptor proteins exist physiologically in the form of UbL
(ubiquitin-like)-UBA (ubiquitin-associated) proteins [27]. The UbL domain shares homology
with ubiquitin and binds to receptors on the proteasome, whereas the UBA domain recognizes
ubiquitin chains on the target protein [28–30]. It is possible to design artificial proteasome
adaptors that function in mammalian cells similarly to the UbL-UBA proteins but recognize
specific proteins in lieu of ubiquitin chains. Thus we can manipulate the concentrations of spe-
cific cellular proteins by targeting them to the proteasome indirectly.

Methods have been developed to regulate complex formation by using chemical inducers of
dimerization (CID) that control the interaction of two proteins by serving as a bridging ligand.
The best established of these systems is based on a FK506 binding protein (FKBP12) and
FKBP12-rapamycin-binding protein (FRB), which interact only in the presence of the small
molecule rapamycin [4, 31]. FKBP12 is a 12 kDa cytosolic protein and FRB is an 11 kDa
domain derived from mammalian target of rapamycin (mTor). The FKBP-FRB complex forms
quickly and tightly in the presence of rapamycin, which has a high (nanomolar) affinity for
both proteins [32]. The FKBP-rapamycin-FRB system has been used previously to control pro-
tein activity by modulating subcellular protein localization or activity. In different implementa-
tions, rapamycin targets a protein directly to a modified proteasome particle for degradation in
yeast [25], sequesters proteins to cellular compartments [33], and controls complex formation
to activate signal transduction cascades [34].
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Here we asked whether it is possible to use an inducible dimerization system to control the
cellular abundance of individual proteins using proteasome adaptors that shuttle otherwise sta-
ble proteins directly to the proteasome. The interaction of the adaptor with the target protein is
controlled by CIDs. The systems described here differ from current technologies in multiple
ways. First, the adaptors bind to the proteasome through ubiquitin-like domains bypassing the
cellular ubiquitination machinery. Avoiding the ubiquitination step also makes it possible to
fine tune degradation so that the concentration of the target protein can be tightly controlled.
Second, the adaptor system as implemented here explicitly incorporates a proteasome initia-
tion region, which makes it possible to degrade small compact proteins such as Green Fluores-
cent Protein (GFP). Third, the approach is versatile and can be implemented with orthologous
chemically inducible dimerization systems, in principle making it possible to control the con-
centrations of several proteins simultaneously.

Results and Discussion

Construction of a proteasome adaptor and target protein
To test whether artificial proteasome adaptors can be used to control the cellular concentra-
tions of specific proteins, we chose GFP as the target protein. GFP has been widely used to fol-
low cellular protein concentrations [35, 36]. It is a stable, long-lived protein with a half-life of
more than one day in mammalian culture cells [37] and it has proven challenging to degrade
[10, 38, 39].

We constructed an artificial proteasome adaptor by fusing the UbL domain of the human
protein Rad23b [30] as the proteasome-binding tag to the N terminus of the human FRB
domain. We added three more modifications to the adaptor: we inserted the red fluorescent
protein mCherry [40] between the UbL and FRB domains to allow us to monitor abundance of
the adaptor protein, we fused a maltose-binding domain to the C terminus of the FRB domain
to stabilize the adaptor protein in cells [41], and we introduced a mutation into the FRB
domain [16, 42] (equivalent to T2098L in full-length mTOR) to allow it to interact with a
derivative of rapamycin (AP21967, MaRap or rapalog) [16, 42]. Rapalog no longer binds to
endogenous mTOR and thus lacks rapamycin’s effect on cell proliferation through inhibition
of the mTOR kinase. The final proteasome adaptor then consisted of an N-terminal UbL
domain, followed by mCherry, the modified FRB domain, and a C-terminal MBP domain
(UbL-mCherry-FRB-MBP; Fig 1A). We designed the adaptor to lack disordered regions such
that itself escapes degradation and remains stable [26].

To allow the target protein, GFP, to interact with the proteasome adaptor, we fused it to the
C terminus of human FKBP12. Effective degradation of a protein requires the presence of a dis-
ordered region that allows the proteasome to engage the protein and to initiate degradation [2,
26, 43, 44]. Therefore we fused a 35 amino acid disordered region or tail derived from yeast
cytochrome b2 that has previously been shown to support proteasome initiation [43, 44] to the
C terminus of GFP to yield FKBP-GFP-tail (Fig 1A).

We expressed both adaptor and target in a bicistronic expression vector from a CMV pro-
moter in HEK293 cells. The coding region for the adaptor was separated from that of the target
protein by an Internal Ribosome Entry Site (IRES) derived from the encephalomyocarditis
virus (EMCV) [45] (Fig 1A). The vector was then integrated into the genome of HEK293 cells
(Flp-In™ 293). Both the adaptor and substrate proteins were expressed and accumulated as ver-
ified by SDS-PAGE and western blotting (Fig 1B). The proteins were easily detected by flow
cytometry (Fig 1C) and were colocalized throughout the cytoplasm and nucleus of all cells (Fig
1D). The abundance of the target was reduced relative to the adaptor in this expression system
as is commonly observed for coding regions downstream of an IRES [46]. Rapalog induced the
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association of FRB and FKBP domains [31, 32] and led to the interaction of the proteasome
adaptor and target protein. Immunoprecipitation of the adaptor protein yielded target protein,
but only in the presence of rapalog (Fig 1E and 1F).

Dose-dependent depletion of target protein but not adaptor
Next we tested whether the association of the target protein with the UbL-FRB adaptor led to
the target protein’s degradation. We incubated HEK293 cells expressing adaptor and target
with 1, 2, or 5 μM rapalog or mock-treated with DMSO for four hours and measured cell fluo-
rescence by flow cytometry (Fig 2A). The green fluorescence intensity reporting the presence
of the GFP target protein decreased almost completely to background level after incubation
with 5 μM rapalog (Fig 2B), whereas the red fluorescence representing the mCherry-labeled
adaptor remained constant (Fig 2C). The loss of green fluorescence was due to the complete
degradation of the GFP target as SDS PAGE analysis of cell extracts followed by western blot-
ting did not reveal any remaining GFP protein fragments (Fig 2D). Degradation was by the
proteasome because adding the proteasome inhibitor bortezomib restored target protein abun-
dance to the level seen in the absence of rapalog (Fig 2D).

The extent of depletion of the target protein depended on the concentration of rapalog added to
the cells and increasing amounts of rapalog led to lower amounts of target protein accumulating
(Fig 2B and 2C). Approximately 60% of the GFP target was depleted by incubation with 1 μM rapa-
log, whereas the majority (~90%) of the GFP target protein was depleted by incubation with 5 μM
rapalog (Fig 2B and 2C). Thus, inducing dimerization of a proteasome adaptor and target made it
possible to tune the accumulation of an otherwise stable protein in HEK293 cells.

Degradation of the target protein is rapid
We then determined how rapidly the target protein became depleted after the addition of rapa-
log. We incubated HEK293 cells expressing the adaptor and substrate with 5 μM rapalog and
measured their fluorescence over time by flow cytometry (Fig 3A). The green fluorescence
intensity, which reports the abundance of target protein, decreased with a half-life of about 1
hour (Fig 3B and 3C), which is significantly shorter than the reported half-life for GFP in
mammalian cells (t1/2 = 26 hours) [37]. The red fluorescence intensity of the adaptor protein
remained constant. Both green (target) and red (adaptor) fluorescence remained constant dur-
ing mock treatment with DMSO (Fig 3B) and the proteasome inhibitor bortezomib inhibited
target degradation in the presence of rapalog (Fig 3C).

Target protein abundance decreased upon rapalog addition because its half-life decreased.
We estimated target protein half-life in cells by inhibiting protein synthesis with cycloheximide
and following protein abundance in the presence or absence of rapalog. To this end, we treated

Fig 1. The inducible degradation cassette based on rapalog-inducible CID is stably integrated and expressed in mammalian HEK293 cells. (a)
Schematic representation of the inducible degradation cassette at the DNA and protein level. Two proteins, the proteasome adaptor and the target protein,
are expressed from a bicistronic plasmid with the coding regions separated by an internal ribosome entry site (IRES). The adaptor protein consists of a
ubiquitin-like domain (UbL) followed by mCherry, a FRB domain, and MBP. The target protein consists of FKBP followed by the target protein GFP and a
disordered region (tail). (b) Cell lysates were immunoblotted with antibodies against the indicated proteins; adaptor (α-Flag) and substrate (α-GFP). Lane 1
contains lysate from host cells; lane 2 contains lysate from cells expressing a GFP control gene inserted after the IRES; lane 3 contains lysate from cells with
the inducible degradation cassette stably integrated into their genome and expressing both the adaptor (UbL-mCherry-FRB-MBP) and target protein
(FKBP-GFP-tail). (c) Flow cytometry bivariate plot of host cells (gray) and cells with the integrated inducible degradation cassette (blue). X-axis shows GFP
fluorescence and the Y-axis shows mCherry fluorescence for individual cells. (d) Fluorescence microscopy confirmed expression of the adaptor (mCherry)
and target (GFP) expression in both the nucleus and cytoplasm. Scale bar, 20 μM. (e) Immunoprecipation of the Flag-tagged Adaptor protein (UbL-mCherry-
FRB) with the GFP Substrate (FKBP-GFP-35) at different concentrations of rapalog. Lysates were immunoblotted with antibodies against the indicated
proteins; adaptor (α-Flag) and substrate (α-FKBP). Substrate is only pulled down in the presence of rapalog. (f) Quantification of immunoprecipiation from (e)
but with relative protein pull down normalized to the amount of precipitated protein at 5 μM rapalog.

doi:10.1371/journal.pone.0152679.g001
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cells expressing adaptor and target protein with 1μM cycloheximide and either 5 μM rapalog
or DMSO. At different time points, we took samples and estimated protein levels by SDS
PAGE and western blotting. The GFP target protein in cells treated with rapalog disappeared
over time, whereas the adaptor protein remained largely stable (Fig 3D). Both target protein
and adaptor remained stable in cells treated with vehicle only (Fig 3D).

Protein degradation in mammalian cells can be even faster [47–49] than the adaptor-
induced degradation of GFP observed here. Indeed, GFP with a UbL domain directly fused to
its N terminus and a tail at its C terminus (UbL-GFP-tail) is degraded with a half-life of less
than 15 minutes in HEK293 cells (not shown). Adaptor mediated degradation may be slower
because the CID has to diffuse into the cell and degradation requires three components present
at relatively low concentrations to encounter each other. It is also possible that degradation of a
protein presented to the proteasome by an adaptor molecule is intrinsically slower than degra-
dation of a ubiquitinated protein.

Fig 2. Dose-dependent degradation of the target protein. (a) Experimental design. HEK293 cells co-expressing the adaptor (UbL-mCherry-FRB-MBP)
and target (FKBP-GFP-tail) were seeded 24 hours in advance. Degradation was initiated by the addition of rapalog and cells were incubated for four hours.
The amount of target protein remaining in cells was assayed by flow cytometry of intact cells, or by western blotting of cell extracts. (b) Measurement of target
protein abundance in cells by flow cytometry. The graph shows a histogram of GFP fluorescence of cells incubated with 0 μM (Black), 1 μM (Blue), 2 μM
(Orange), 5 μM (Green) rapalog for four hours, as well as host control cells (Gray). (c) Quantification of adaptor and target protein abundance after incubation
with CID or CID and proteasome inhibitor. The graph plots the average median cellular fluorescence as measured in (b) relative to the median GFP cellular
fluorescence immediately after the addition of CID. Substrate: GFP fluorescence, adaptor: mCherry fluorescence. Data are presented as the average from
experiments performed in triplicate. (d) Measurement of target protein abundance at 5 μM rapalog as in (c) of cell extracts by western blotting with antibodies
against anti-Flag to detect the adaptor protein and anti-GFP to detect the target protein. As a loading control, actin levels were detected with antibodies
against actin. DMSO: cells incubated with DSMO only; RAP: cells incubated with 5 μM rapalog; RAP+Bortez.: cells incubated with 5 μM rapalog and 1 μM
bortezomib.

doi:10.1371/journal.pone.0152679.g002
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Fig 3. Rapalog-induced target degradation. (a) Experimental design. HEK293 cells co-expressing the
adaptor (UbL-mCherry-FRB-MBP) and substrate (FKBP-GFP-tail) were seeded 24 hours prior to drug
treatment. Degradation was initiated by the addition of 5 μM rapalog and samples were collected at the
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Efficient proteasomal degradation in vitro and in vivo (yeast) requires the presence of a disor-
dered sequence (or initiation region) in the substrate protein to allow the proteasome to engage
the substrate [2, 43, 48]. The presence of disordered regions correlates with shorter half-lives of
natural proteins [48, 49]. Thus including an effective proteasome initiation region in the target
construct should make the inducible degradation systemmore effective. Hence, we explicitly
included a proteasome initiation region in the target construct by including a disordered
sequence (tail) at its C terminus. Removing the tail prevented degradation of the target protein
even in the presence of rapalog (Fig 3C). The initiation region by itself did not lead to degradation
(Fig 3B); the target protein is only degraded in the presence of proteasome adaptor, initiation
region and rapalog (Fig 3B–3D). Thus providing the two necessary components of a degron, the
proteasome-binding tag on the adaptor and the initiation region on the target results in rapid
degradation of the substrate in the presence of the CID. The fact that the inducible degradation
system described here is able to deplete GFP, which is notoriously hard to unfold and degrade
[10, 38, 39], suggests that it should be effective for a wide range of target proteins.

Compact proteasome adaptors
Fluorescent proteins, even optimized proteins such as mCherry, can be toxic to cells [40, 50].
Therefore, we tested whether the rapalog-dependent proteasome adaptor remained effective after
removing the mCherry domain. We fused the Rad23Bb UbL domain directly to FRB-MBP (cre-
ating UbL-FRB-MBP; Fig 3E) and integrated the new adaptor together with the target protein
into host cells as described above. Rapalog again induced degradation of the target proteins with
roughly the same dose response as observed with the adaptor containing the mCherry domain.
Incubation of the cells with 1 μM rapalog over four hours reduced target protein levels more than
60% and effectively all the protein was degraded during incubation with 5 μM rapalog (Fig 3E).
Degradation was proteasome-dependent and abolished by the proteasome inhibitor bortezomib
(Fig 3E and 3F). The compact adaptor depleted the target protein with a similar rate as the adap-
tor containing mCherry (Fig 3F). Thus, a compact proteasome adaptor could induce the degra-
dation of a target protein when their dimerization was induced with rapalog.

Plant hormone gibberellin can be used as a CID for target protein
depletion
To test whether the efficacy of the rapalog-induced degradation system reflects its design prin-
ciple and not some idiosyncratic property of one of its components, we developed a second

indicated timepoints. The amount of target protein remaining in cells was assayed by flow cytometry of intact
cells or by western blotting of cell extracts. (b) Quantification of adaptor and target protein abundance after
incubation with CID or DMSO. The graph plots the average median cellular fluorescence relative to the
median GFP or mCherry cellular fluorescence immediately after the addition of CID. Data are presented as
the average median fluorescence intensity ± SEM calculated from experiments performed in triplicate. (c)
Quantification of adaptor, target, and target without disordered region protein abundance after incubation with
CID or CID and proteasome inhibitor. The graph plots the average median cellular fluorescence relative to the
median GFP or mCherry cellular fluorescence immediately after the addition of CID, which was set to 100%.
Data are presented as the average median fluorescence intensity ± SEM calculated from experiments
performed in triplicate. (d) Measurement of target protein abundance at indicated time points after treatment
with 1μM cycloheximide (left panel) or 1μM cycloheximide and 5μM rapalog (right panel). Proteins were
detected by western blotting with antibodies against anti-Flag to detect the adaptor protein and anti-GFP to
detect the target protein. Actin, detected by anti-actin antibodies, was used as a loading control. (e)
Quantification of the compact adaptor (UbL-FRB-MBP) and substrate (FKBP-GFP-tail) in HEK293 cells after
incubation with different amounts of rapalog for 4 hours. The data are plotted as in (b) and (c). (f)
Quantification of the compact adaptor (UbL-FRB-MBP) and substrate (FKBP-GFP-tail) in HEK293 cells over
time after addition of 5 μM rapalog. The data are plotted as in (b) and (c).

doi:10.1371/journal.pone.0152679.g003
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inducible degradation system based on a different CID, the plant hormone gibberellin (GA3)
(refs [34, 51]). Gibberellins regulate plant growth by inducing binding of the nuclear receptor
Gibberellin Insensitive Dwarf 1 (GID1) to the DELLA domain of transcriptional regulators
such as gibberellin insensitive (GAI) [34, 51]. The GID1 and GAI1 proteins only associate in
the presence of the appropriate CID, here the gibberellin hormone GA3. GA3 diffuses through
cell membranes poorly because it is negatively charged at neutral pH. However, esterification
of its carboxylic acid group with an acetoxymethyl group (to generate GA3-AM) improves its
membrane permeability significantly and intracellular esterases regenerate active GA3 after
uptake [34].

To develop an inducible degradation method based on gibberellin-mediated dimerization,
we fused the GID1 domain to the N terminus of GFP and the same 35 amino acid disordered
region used above to its C terminus (yielding GID1-GFP-tail). We created a proteasome adap-
tor by fusing the human Rad23b UbL domain to the N terminus of a GAI domain (amino acids
1–92 of GAI) through a mCherry domain (producing UbL-mCherry-GAI1-92). We again
expressed target and adaptor using an IRES-containing bicistronic vector that was stably inte-
grated into HEK293 Flp-In™ cells (Fig 4A). Both adaptor and substrate accumulated in cells
and were readily detected by flow cytometry (Fig 4B) or fluorescence imaging (not shown).
Incubation of the cells with 10 μMGA3-AM for 24 hours reduced cellular GFP fluorescence as
measured by flow cytometry by 40%, suggesting that nearly half of the target protein was
depleted (Fig 4B and 4C). Addition of 50 μMGA3-AM led to the depletion of nearly 80% of
the target protein and higher GA3-AM concentrations did not lead to further depletion (Fig
4C). Incubation with DMSO vehicle alone did not affect target protein abundance and degra-
dation was by the proteasome because the proteasome inhibitor bortezomib restored target
protein levels (Fig 4C). Adaptor abundance remained unaffected over the entire GA3-AM con-
centration range as assessed by flow cytometry detecting mCherry fluorescence (Fig 4B and
4C). To determine how quickly GA3-AM induced GAI-GID1 degradation, we treated stable
cells expressing adaptor and substrate with 50μMGA3 and monitored GFP fluorescence over
time (Fig 4D). The GFP target protein depleted with a half-life of four hours, while the adaptor
remained stable (Fig 4D). Neither GFP nor mCherry fluorescence changed over time in cells
mock-treated with DMSO or with both GA3-AM and bortezomib (Fig 4D and 4E).

The gibberellin-induced dimerization system required a higher concentration of CID to
induce degradation and the target protein depleted more slowly than observed for the rapalog-
induced degradation system, showing a lag in the degradation kinetics. Gibberellin may be less
available in cells, either because its alkylated derivative is slower to diffuse across the membrane
or because the alkylated form is inefficiently converted back to GA3 inside cells. In addition,
GID1 must undergo a conformational change after GA3 biding to interact with its dimerization
partner GAI, and this process may proceed more slowly than the direct interaction of rapamy-
cin with its binding partners. Nevertheless, proteasome adaptors that interacted with their tar-
get through gibberellin-inducible dimerization were able to control the degradation of our
target protein effectively.

The proteins and CIDs of the gibberellin and rapamycin inducible dimerization systems are
unrelated [34] yet both systems allowed proteasome adaptors to induce degradation of the tar-
get protein effectively. Thus, the inducible protein degradation by proteasome adaptors does
not depend on the details of construction of the adaptor itself. This versatility should make it
possible to control the abundance of multiple proteins, for example, by combining compatible
inducible dimerization systems, such as the rapalog and gibberellin systems used here. The pro-
teasome can respond robustly to increased load [52–55] so that it may be possible to expand
the proteasome adaptor approach by multiplexing additional CID systems to allow the analysis
of several proteins within a given process or in multiple pathways simultaneously.
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Conclusions
We describe a method to control the abundance of specific proteins by directly targeting them
to the proteasome for degradation. This system is based on proteasome adaptors that bind to
the proteasome and target protein simultaneously and feed the target to the proteasome for
degradation (Fig 5). The adaptor itself escapes degradation and is able to recycle. The target
protein is fused to an interaction domain that binds to the proteasome adaptor only in the pres-
ence of a chemical inducer of dimerization, and a disordered region that allows the proteasome
to initiate degradation efficiently. This novel system provides a direct way to tune the abun-
dance of a target protein concentration by rapidly depleting proteins from cells without the
need for ubiquitination.

Materials and Methods

Plasmid construction
Constructs were generated by a combination of InFusion (Clontech), PCR, site-directed muta-
genesis (Invitrogen), PCR-assembly and restriction-mediated cloning (NEB and Fermentas).
All PCR-generated constructs were verified by sequencing analysis. Final constructs were
expressed in the pcDNA5/FRT/TO vector (modified from Life Technologies) under the control
of the human cytomegalovirus (CMV) enhancer-promoter. GAI and GID coding sequences
were obtained from Addgene (Plasmid #37309 and #37306, respectively).

Cell culture
Cell lines were cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco) and 1% Pen-
Strep (Gibco) at 37°C and 5% CO2 according to standard procedures. For stable expression of
proteins, stable cell lines were generated using the HEK293 Flp-InTM System (Life Technolo-
gies). Cells were transiently transfected with 1 μg of pcDNA5/FRT/TO vector containing
cloned DNA + 9 μg of poG44 DNA using Lipofectamine 2000 (Invitrogen) followed by selec-
tion of stable clones with hygromycin B (200 μg/mL). Stable cell lines were confirmed by flow
cytometry and Western blotting analysis.

Flow cytometry and fluorescence microscopy
For dose-dependence and kinetic assays HEK293 FlpTM-In stable cells expressing Rapalog and
Gibberellin-specific adaptor and target proteins were plated at 5 X 105 cells per well of a 6-well
plate and treated with Rapalog or Gibberellin (GA3) and (1 μM) bortezomib (LC Laboratories)
at indicated concentrations or time points prior to analysis. Cells were washed with 1 mL of
PBS (Gibco) and detached from wells using 500 μL of TrypLE-Express (Invitrogen) and
quenched with 1 mL DMEM without phenol red containing 10% FBS and 1% Penstrep. Sam-
ples were analyzed using the BD Fortessa with 10,000 events typically represented. The

Fig 4. An inducible degradation system based on a gibberellin CID. (a) Schematic representation of the inducible degradation cassette at the DNA and
protein level. Two proteins, the proteasome adaptor and the target protein, are expressed from a bicistronic plasmid with the coding regions separated by an
internal ribosome entry site (IRES). The adaptor protein consists of a ubiquitin-like domain (UbL) followed by mCherry and a GAI domain. The target protein
consists of GID followed GFP and a disordered region (tail). Gibberellin was esterified to produce a modified cell-permeable hormone, GA3-AM. (b) Flow
cytometry histograms or (c) quantification of adaptor and target protein abundance after incubation with different concentrations of the CID, GA3-AM or GA3-
AM and bortezomib for 24 hours. The graph plots the average median cellular fluorescence as relative to the median mCherry and GFP cellular fluorescence
immediately after the addition of CID. Substrate: GFP fluorescence, adaptor: mCherry fluorescence. Data are presented as the average median fluorescence
intensity ± SEM from an experiment performed in triplicate. (d) Quantification of adaptor and target protein abundance over time after incubation with the CID
GA3-AM. The graph plots the average median cellular fluorescence relative to the median GFP or mCherry cellular fluorescence immediately after the
addition of CID. Substrate: Target GFP fluorescence, adaptor: mCherry fluorescence. Data are presented as the average median fluorescence
intensity ± SEM from an experiment performed in triplicate.

doi:10.1371/journal.pone.0152679.g004
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resulting data was quantified using FlowJo. For microscopy cells were plated on a microscope
dish and imaged using a Zeiss LSM 710 microscope 63X N.A. 1.4.

Western blotting
HEK293 FlpTM In stable cells were washed in PBS and lysed on ice in whole cell extract buffer
(50 mM Tris, pH 8.0, 280 mMNaCL, 0.5% Nonidet P-40, 0.2mM EDTA, 2mM EGTA, 10%
glycerol, 1 mMDTT, 2 mM PMSF, and protease inhibitor mixture set III, EDTA-free (Calbio-
chem) and 0.2 mM Sodium Orthovanadate) for 10 minutes. Cells were then centrifuged at
13,000 RPM 4°C for 10 minutes and the lysate was collected. Protein sample buffer was added
to the lysate and heated for 5 min at 95°C. Cell lysates were separated by SDS-PAGE on a 10%
Tris-Tricine gel. The blots were processed by standard procedures and probed with Flag
(mouse, Sigma Cat# F9291), Living Colors eGFP (mouse, Clontech Cat# 632569), FKBP12
(rabbit, Abcam Cat# 2918) and actin (rabbit, Sigma Cat # A2066) antibodies. Following

Fig 5. Model for Adaptor-CID-mediated degradation of target proteins. Schematic representation of adaptor-mediated degradation of a target protein by
the proteasome. The proteasome is represented by the purple and blue shape, the approximate location of its proteolytic sites are indicated by scissors. A
substrate, consisting of the target protein (green rectangle) fused to an interaction domain (blue crescent) and a proteasome initiation region (black line) is
brought to the proteasome by a proteasome adaptor consisting of a UbL (yellow sphere) and a second interaction domain (orange crescent). Adaptor and
substrate interact only in the presence of a CID (black sphere).

doi:10.1371/journal.pone.0152679.g005
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incubation with an IRDye 680 (Invitrogen Cat#1027681) or 800-conjugated secondary anti-
body (Rockland Immunochemicials Cat #610-132-121), the membranes were imaged using the
Odyssey Infrared Imaging System (LI-COR). Results shown are representative of at least three
independent experiments.

Co-Immunoprecipitation
HEK293 Flp-InTM stable cells were seeded at 3,000,000 cells per 10-cm2 dish. After 24 hours
the media was replaced with DMEM/10% FBS/1% PenStrep containing rapalog (A/C Heterodi-
merizer from Clontech Catalog# 635056) at various concentrations, and incubated at 37°C
with 5% CO2 for four hours. Media was aspirated and cells were washed and scraped from a
10-cm2 dish with 1 mL of cold phosphate-buffered saline (PBS). Lysates were prepared in
whole cell extract (WCE) buffer following standard lysis procedures. Protein complexes were
purified by overnight incubation with FLAGM2 affinity magnetic resin (Sigma Catalog#
M8823) and washed with WCE buffer. Complexes were eluted from magnetic beads with
5-packaged gel volumes of 3X FLAG peptide (5 μg/μl) for 30 minutes while shaking at 4°C.
Samples were placed in a magnetic separator to collect the beads. Supernatants were trans-
ferred to fresh tubes containing 5X sample buffer including 2-mercaptoethanol (BME). Pro-
teins were then boiled at 95°C for 5 minutes. Samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and processed for immunoblotting.
For immunoblotting, proteins were separated, transferred to nitrocellulose, probed with anti-
bodies recognizing FLAG (Sigma) or FKBP (Abcam). Protein amounts were estimated by
direct infrared fluorescence imaging (Odyssey LICOR Biosciences).

Rapamycin derivatives
Rapalog AP21967 was supplied from Ariad Pharmaceuticals (MTA) as 250 μg of lyophilized
powder. AP21967 was resuspended in 246 μL of 100% pure ethanol yielding a 1 mM stock.
Rapalog A/C Heterodimerizer was (5 X 500μL Cat # 635056 and 5mgs Cat #635055) purchased
from Clontech. 5mgs was dissolved in 747 μL of DMSO to produce a 192 mM stock.

Chemical synthesis of gibberellin analog GA3-AM
Gibberellin acetoxymethyl (AM) was synthesized as previously described [34]. All reagents and
solvents were supplied by commercial sources without further purification.
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