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Small-molecule inhibitors are a key
resource in the cell signaling tool-
box. However, because of their
global distribution in the cell, they
cannot provide a refined under-
standing of signaling at distinct
subcellular locations. Bucko and
colleagues have designed a novel
tool to localize inhibitors to specific
protein scaffolds, opening a new
avenue to study localized kinase
activity.

A wide array of small-molecule drugs
have been developed to inhibit protein
kinases, enzymes that play a profound
role in the regulation of cellular
pathways via their phosphorylation
of diverse substrates. Because
deregulated phosphorylation drives a
variety of different diseases such as
cancer [1] and diabetes [2], there is
considerable interest in using inhibitors
to understand kinase function in a cellu-
lar context. However, these enzymes
often exert distinct functions at discrete
cellular locations [3], and pharmacolog-
ical inhibition of kinases with small-mol-
ecule compounds generally occurs in a
global manner, thus prohibiting studies
on localized kinase action. As a solution
to this problem, Bucko and colleagues
created a novel tool, local kinase inhibi-
tion (LoKI), that directs kinase inhibitors
to discrete cellular scaffolds, such as A-
kinase anchoring proteins (AKAPs),
thus providing localized kinase inhibi-
tion [4]. Using this tool, they were able
to probe the mechanism by which local-
ized kinase signaling affects mitotic
progression.

LoKI utilizes SNAP-tag self-labeling tech-
nology to direct pharmacological inhibitors
to kinases anchored at specific cellular
locations. The SNAP-tag consists of
human O6-alkylguanine DNA-alkyltransferase
(an enzyme) fused to a protein of interest,
creating a ‘loading dock’ that can then be
used to recruit a variety of molecules [5].
Cells expressing this genetically encoded
loading dock are treated with an O6-
benzylguanine (BG) derivative that forms
a covalent thioester bond with a Cys res-
idue in the SNAP-tag; the BG derivative
can be modified by the conjugation of a
variety of molecules ranging from dyes
[6] to oligonucleotides [7] to beads [8].
Bucko and colleagues took advantage
of SNAP-tag labeling to direct small-
molecule kinase inhibitors, conjugated
to the BG derivative chloropyrimidine, to
specific protein scaffolds [4]. Specifically,
they fused the SNAP-tag moiety to the
centrosome-targeting PACT (pericentrin/
AKAP450/centrosomal targeting) do-
main, thus affording localized inhibition
of relevant kinases in the vicinity of this
scaffold.

As proof of concept, the authors used the
LoKI tool to analyze the impact of polo-like
kinase 1 (Plk1) and aurora kinase A (AurA)
signaling at the centrosome during mito-
sis. This is a particularly relevant system
for exploiting this tool because these mi-
totic kinases have distinct functions de-
pending on their cellular localization. For
example, centrosomal AurA plays a crucial
role in regulating centrosomal maturation
and microtubule spindle formation during
early mitosis, but AurA also has a separate
function in regulating the proper attach-
ment of microtubules to the kinetochore
[9]. To parse out these diverse functions,
Bucko et al. SNAP-tagged a centro-
some-targeting PACT domain and synthe-
sized BG derivatives conjugated to well-
characterized AurA and Plk1 active-site
inhibitors [10,11], thus allowing direct
targeting of these drugs to the
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and pool synthesis. To carry out a pheno-
typic screen, individual compounds must
be segregated spatially such that each
can be exposed to cells individually. In
traditional HTS this is accomplished by
placing cells and one or more compounds
in the wells of a microtiter plate. DELs
created by solid-phase split and pool syn-
thesis [7] may be amenable to this applica-
tion because beads can be spatially
segregated [8,9], but this remains to be
demonstrated.

In summary, this report by Krusemark
et al. joins a small, but growing, body of
literature that is beginning to add to the
repertoire of assays by which DELs can
be screened for bioactive compounds
[10]. This is likely to remain an area of high
interest for the foreseeable future.
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Figure 1. The LoKI-ON/OFF System Informs on Centrosomal AurA Signaling. The LoKI-ON platform
consists of a genetically encoded centrosome-targeting pericentrin/AKAP450/centrosomal targeting (PACT)
domain connected to a SNAP-tag in which Cys144 will form a covalent thioester bond with a benzylguanine
(BG) derivative conjugated to the AurA inhibitor MLN8237 (red circle). Mutation of Cys144 to Ala blocks this
reaction, forming the basis of the LoKI-OFF platform. In LoKI-ON cells the centrosome is labeled with the BG-
conjugated AurA inhibitor, providing local kinase inhibition. Conversely, the inhibitor is homogenously
distributed throughout the cell in LoKI-OFF cells, resulting in global AurA inhibition. This system therefore
allows direct comparison of local versus global kinase inhibition. Figure created with Biorender.

centrosome (Figure 1). They then
expressed the LoKI construct in a variety
of cell types, including U2OS osteosar-
coma cells, retinal pigment epithelial
(RPE) cells, and HeLa cells. In addition to

this tool (called LoKI-ON), they also mu-
tated the reactive Cys residue in the
SNAP-tag to Ala to prohibit formation of
a covalent bond with the BG-conjugated
inhibitor (LoKI-OFF, Figure 1), thus

providing a useful control to demonstrate
the difference between local and global in-
hibition. The authors demonstrated that
local inhibition of AurA and Plk1 using the
LoKI-ON system resulted in reduced
phosphorylation of AurA and Plk1 at key
residues (Thr288 and Thr210, respec-
tively), a readout for kinase activity. More-
over, a greater reduction in
phosphorylation was observed in LoKI-
ON inhibitor-treated cells than in LoKI-
OFF cells relative to the dimethylsulfoxide
(DMSO) vehicle control, suggesting that
local kinase inhibition is useful for the
study of discrete cellular functions that
may be masked by global inhibition.

To demonstrate the versatility of the LoKI
technology, the authors created an addi-
tional LoKI tool that localizes to the kineto-
chore rather than to the centrosome by
replacing the centrosome-targeting PACT
domain by the kinetochore-targeting do-
main of the protein Mis12. After treating
cells expressing Mis12–LoKI-ON with
the BG-conjugated AurA inhibitor, they
probed for the phosphorylation of Hec1,
a kinetochore-localized substrate of AurA
[12]. They observed a reduction in
phosphorylated Hec1 at kinetochores
of Mis12–LoKI-ON cells after addition
of the BG-conjugated AurA inhibitor.
Conversely, they observed no significant
changes in Hec1 phosphorylation at the
kinetochore in cells expressing PACT–
LoKI-ON. These experiments show spe-
cific targeting of AurA signaling at discrete
complexes, and elegantly demonstrate
the specificity that can be achieved with
LoKI tools.

Furthermore, the authors used their novel
LoKI tool to demonstrate that shutting
off centrosomal Plk1 or AurA, either alone
or in combination, causes defects in cen-
trosome maturation and delays mitotic
progression. During late G2 phase, AurA
and Plk1 signaling plays an essential role
in the accumulation of γ-tubulin and other
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pericentriolar material at the centrosome,
leading to the eventual formation of bipolar
mitotic spindles [9]. Deregulation of these
signaling pathways results in abnormal bi-
polar or monopolar spindle structures that
can lead to improper chromosomal segre-
gation and aneuploidy. Using PACT–LoKI-
ON-expressing cells, the authors asked if
direct inhibition of centrosomal Plk1 re-
sulted in mitotic spindle defects. They ob-
served an increase in the formation of
monopolar and abnormal bipolar spindles
in LoKI-ON cells versus LoKI-OFF cells.
In addition, γ-tubulin accumulation at cen-
trosomes was decreased in LoKI-ON cells
treated with the BG-conjugated Plk1 in-
hibitor. On a more global scale, they
found that expressing a dual SNAP-
tagged LoKI, and cotreating with both
the BG-conjugated Plk1 and AurA inhibi-
tors, tripled the time cells spent in mitosis,
an indirect measure of mitotic defects. In-
terestingly, although there was a twofold
difference in the duration of mitosis be-
tween LoKI-ON and LoKI-OFF cells
treated with the AurA inhibitor alone,
there was no difference in cells treated
with the Plk1 inhibitor alone. This result in-
dicates that there is a synergistic effect of
inhibiting both enzymes.

Finally, the authors took one more step to
demonstrate the versatility of LoKI by
using it in zebrafish embryos, an ideal
model for imaging analysis owing to their
transparency. By microinjecting either
mCherry–PACT–LoKI-ON or mCherry–
PACT–LoKI-OFF mRNA into zebrafish
embryos, they were able to directly visual-
ize localization of the LoKI tool at centro-
somes. Microinjection of the Plk1 inhibitor
into the LoKI-ON-expressing embryos
resulted in an increased mitotic index
(percent of cells actively in mitosis) com-
pared with the LoKI-OFF-expressing
embryos, thus providing another example
of how local inhibition of Plk1 at centro-
somes has a profound effect on mitotic
progression comparedwith global inhibition.

With this work [4], the authors have
described a novel way to inhibit kinase ac-
tivity locally at specific protein scaffolds
and have used this technology to directly
probe how centrosomal pools of the
mitotic kinases AurA and Plk1 affect centro-
some maturation and mitotic progression.
However, this tool has some limitations
that should be taken into account. Impor-
tantly, conjugation of inhibitors to the BG
derivative and the SNAP-tagged protein
can have an impact on inhibitor function.
For example, the authors state that the ad-
dition of the BG derivative can sterically hin-
der the ability of the inhibitor to access the
active site of the kinase. In addition, they
showed that, in the case of the Plk1 inhibitor
BI2536, conjugation to the BG derivative in-
creased the IC50 by 10-fold, and binding of
this conjugated inhibitor to the SNAP-tag
protein complex resulted in an even greater
IC50 increase. Interestingly, this reduction of
potency upon conjugation was not ob-
served with the AurA inhibitor. Furthermore,
the authors showed that prolonged incuba-
tion (4 h) with the inhibitors was necessary
to label the SNAP-tag, attributing this
delay to most likely a decrease in the cell
permeability of the conjugated inhibitors.
For these reasons the concentration re-
quired to label the SNAP-tag must be care-
fully determined because excess inhibitor
can result in saturation of the SNAP-tag
and inhibition of the kinase at other loca-
tions. Therefore, rigorous validation and ap-
plication of newly synthesized LoKI
inhibitors must be performed. One sugges-
tion made by the authors to address some
of these limitations is to use photocaged in-
hibitors wherein the LoKI inhibitor is conju-
gated to a photolabile group that is cleaved
following irradiation with UV light [13]: the
function of the inhibitor is therefore blocked
until cleavage occurs, allowing the LoKI plat-
form to be turned on at a precise time.

LoKI technology is an exciting new ap-
proach to study localized kinase activity. By
applying this tool to the study of mitotic sig-
naling, where several key kinases have

specific downstream effects depending on
their location, the authors have provided in-
sight into how Plk1 and AurA activity affect
mitotic progression via signaling at either
the kinetochore or centrosome.One can en-
visage several next steps for this technology.
The authors suggested using various other
self-labeling systems, such as the CLIP-tag
or Halo-tag, to inhibit multiple kinases at
the same location. Furthermore, this system
could be applied to study other signaling en-
zymes such as phosphatases and E3-
ubiquitin ligases that also play distinct and
crucial roles during the cell cycle. Lastly,
the use of CRISPR/Cas9 technology to di-
rect inhibitors to endogenous scaffolds
would provide minimal perturbation of the
signaling hub. The potential versatility of
this tool puts it in prime position to
study signaling in a multitude of other
subcellular regions such as the plasma
membrane or the mitochondria, thus re-
fining our understanding of localized sig-
naling and ushering in a new phase of
targeted pharmacology.
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Spotlight

Opioid-Induced
Adaptations of cAMP
Dynamics in the Nucleus
Accumbens
Sarah Zych1 and
Christopher P. Ford1,*

To investigate how opioid exposure
alters dopamine (DA) responses
in medium spiny neurons (MSNs),
Muntean et al. used a novel cAMP
sensor to track cAMP dynamics
and report a coordinated effort of
adaptations in D1- and D2-MSNs
to integrate DA inputs and shift sig-
naling strengths in various states of
opioid dependence.

Opioid receptors are Gα i/o-coupled
G-protein-coupled receptors (GPCRs)
that, when activated, inhibit cellular excitabil-
ity and synaptic transmission. Opioids
modulate synaptic transmission broadly

throughout the brain owing to the wide dis-
tribution of these receptors. Acute opioid
receptor activity has been reported to:
inhibit adenylyl cyclase (AC), thus decreas-
ing cAMP; activate potassium conduc-
tance; inhibit calcium conductance; and
reduce neurotransmitter release [1,2].
Conversely, chronic opioid exposure in-
creases AC and cyclic AMP-dependent pro-
tein kinase activity in several brain regions [3].

In the nucleus accumbens (NAc), conver-
gence of diverse neural inputs drives
two main subtypes of GABAergic MSN:
D1-MSN and D2-MSNs. D1- and D2-MSN
subtypes differ in their receptor expression,
the brain regions they innervate, and
their functional roles [4]. DA actions on
D1-MSNs signal through Gαolf/s-coupled
GPCRs to exert excitatory downstream sig-
naling, whereas DA actions on D2-MSNs
serve to inhibit neuronal excitability through
Gαi/o-coupled D2 receptors [5]. DA modu-
lates cAMP levels in MSNs by activating
D1 receptors to produce an increase in
cAMP through activation of AC, and de-
creasing cAMP by activating D2 receptors
to inhibit AC.

It is well documented that opioid exposure
alters signaling in numerous brain circuits.
Studies examining D1-MSN and D2-MSN
pathways have found that the rewarding
effects of drugs of abuse (opioids) are me-
diated by D1-MSN activity, while aversion
is mediated by D2-MSN activity [4]. One of
the most robust adaptations to repeated
opioid exposure is the upregulation of ACac-
tivity and enhanced responsiveness to drug-
stimulated cAMP accumulation, known as
AC supersensitization [6,7]. The molecular
mechanisms of AC supersensitization vary
depending on the isoform of AC, because
different isoforms have distinct regulatory
properties and, thus, modulate cAMP with
distinct spatiotemporal dynamics. Tracking
themodulation of cAMPconcentration pro-
vides a readout of the regulation exerted by
opioid receptors or other GPCRs.

How inputs generate distinct second-
messenger effects in a cell- and receptor-
specific manner within intact brain
circuits is poorly understood. To study how
GPCRs generate distinct secondary mes-
senger cascades, Muntean et al. previously
developed a cAMP-encoded reporter
(CAMPER) mouse encoding the cAMP
sensor TEpacVV, which reports cAMP
binding by measuring changes in Förster
resonance energy transfer (FRET) with
high sensitivity and in real time [8]. The au-
thors demonstrated the validity and utility of
this sensor by resolving the spatiotemporal
profiles of cAMP signaling in MSNs pro-
duced by different receptor agonists (DA,
adenosine, acetylcholine, and morphine).
This novel in vivo tool allows the study of
cAMP dynamics, which provide insight into
how GPCRs integrate inputs to produce
distinct profiles of intracellular signaling.

In their recent work, the authors applied
this tool to explore howmorphine exposure
in vivo alters the processing of DA inputs in
MSNs in the NAc [9]. Using acute brain
slices from CAMPER mice to measure
cAMP levels, the authors found that mor-
phine exposure differentially adjusted the
response strength of D1- and D2-MSNs
to DA inputs depending upon the opioid
exposure paradigm, which modeled either
acute exposure, chronic exposure, or with-
drawal from chronic exposure. A single
injection of morphine, modeling acute
morphine exposure, resulted in a significant
increase in baseline cAMP levels in
D1-MSNs, whereas no change occurred
in D2-MSNs. This cAMP increase in
D1-MSNs supports previous findings that
upregulated cAMP pathways following
acute opioid exposure areD1 receptormedi-
ated [10]. To investigate cAMP dynamics fol-
lowing the activation of D1 or D2 receptors,
the authors expressed channelrhodopsin, a
light-activated ion channel, in DA neurons,
allowing optical stimulation of DA neurons
to evoke DA release. Following acute mor-
phine exposure, both D1- and D2-MSNs
displayed reduced cAMP responses to
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