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Abstract:

Sustained activation of G protein-coupled receptors can lead to arapid decline in signaling through
acute receptor desensitization. In the case of the mu-opioid receptor (MOPr) this desensitization may
play arole in the development of analgesic tolerance. It is understood that phosphorylation of MOPr
promotes association with p-arrestin proteins, which then facilitates desensitization and receptor
internalization. Agonists that induce acute desensitization have been shown to induce a non-canonical
high-affinity agonist binging state in M OPr—conferring a persistent memory of prior receptor
activation. In the current study, live-cell confocal imaging was used to investigate the role of receptor
phosphorylation in agonist binding to MOPr. A phosphorylation cluster in the C-terminal tail of MOPr
was identified as a mediator of agonist-induced affinity changesin MOPr. This siteis unique from the
primary phosphorylation cluster responsible for B-arrestin binding and internalization.
Electrophysiological measurements of receptor function suggest that both phosphorylation clusters may
play aparallel role during acute receptor desensitization. Desensitization was unaffected by alanine
mutation of either phosphorylation cluster, but was largely eliminated when both clusters were mutated.
Overall, thiswork suggests that there are multiple effects of MOPr phosphorylation that appear to

regulate MOPr function, one affecting pB-arrestin binding and a second affecting agonist binding.
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Introduction:

The mu-opioid receptor (MOPY) isthought to be regulated by receptor phosphorylation (Williams et al.,
2013). This phosphorylation may play an important role in adaptations to long-term opioid use such as
the devel opment of tolerance. Canonically, phosphorylation of the C-terminal tail of MOPr leads to
recruitment of -arrestin protein to the receptors, interrupting G protein-mediated signaling and
promoting receptor internalization (Gainetdinov et al., 2004). Loss of p-arrestin 2, however, does not
abolish desengtization of G-protein signaling suggesting that perhaps other mechanisms exist to induce
acute desensitization (Dang et al., 2009; Quillinan et al., 2011; Dang and Christie, 2012). Additionally,
there are multiple possible phosphorylation sites in the C-terminal tail of MOPr many of which are not
directly involved in B-arrestin recruitment. Thus there are potentially multiple mechanisms by which

receptor phosphorylation may influence opioid signaling.

An increase in the binding affinity of MOPr for a fluorescent agonist Dermorphin conjugated to Alexa-
594 (DermA594) in response to prior agonist exposure has been described previously (Birdsong et al.,
2013). Theincrease in affinity was primarily the result of a decrease in the rate of DermA594 unbinding
from the receptor. Prolonged treatment with high efficacy agonists slowed the rate of DermA594
unbinding more than partial agonist. This phenomenon mimics the agonist dependence of acute receptor
desensitization. The increased affinity persisted for tens of minutes after washout of agonist and was
insengtive to loss of B-arrestin proteins and G-protein signaling. Thus treatments that induce receptor
desensitization also induce a high affinity state of the receptor in a manner that is independent of the

classical f-arrestin binding/ receptor internalization pathway.

The aim of the current study was to investigate the mechanism of induction of the slowly dissociating
state of MOPr and to determine whether this state plays a role in acute receptor desensitization. The

hypothesis was that the high affinity stateis the result of phosphorylation of the C-terminal tail resulting
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in desensitization. Of the 11 serine and threonine residues in the C-terminal tail, two serine/threonine

clusters (proximal residues between 354-357 and distal residues between 375-379 termed “TSST” and
“STANT” after their amino acid sequences, respectively) are differentially phosphorylated by DAM GO
over morphine (Lau et a., 2011; Chen et al., 2013). Alanine mutation of the TSST cluster in the
proximal C-terminal tail dramatically attenuated the agonist-induced slowing of DermA594 unbinding.
This phosphorylation cluster did not reduce p-arrestin binding or receptor internalization while both
were blocked after mutation of the STANT cluster (Lau et al., 2011). To determine whether these
phosphorylation clusters played arole in acute desensitization, phosphorylation-deficient MOPr mutants
were introduced into mouse thalamic neurons and locus coeruleus neurons. Electrophysiological
recordings from acute brain slices demonstrated that mutation of both TSST and STANT clusters were
required to significantly reduce the amount of agonist-induced receptor desensitization. Mutation of
TSST or STANT aone had no effect on acute desensitization. These results suggest that there may be at
least two parallel phosphorylation-dependent pathways that reduce the signaling of MOPr: one
dependent on STANT phosphorylation/ -arrestin binding and another, which mediates TSST

phosphorylation/ agonist-receptor interactions.

Materials and Methods:

Drugs: Morphine was provided by National Institute on Drug Abuse Neuroscience Center, [Met’]-
enkephalin (ME), or [D-Al&?, N-MePhe*, Gly-ol]-enkephalin (DAMGO) and concanavalin A (ConA)
were from Sigma Aldrich (S. Louis, MO). Dizocilpine maleate (MK801) was from Abcam (Cambridge,
MA). Alexa-488 SDP ester (Life Technologies, Eugene, OR) was conjugated to M1 anti FLAG antibody

(Sigma Aldrich) and purified using Bio-Spin 6 Tris columns (Bio-Rad, Hercules, CA).

Cloning and Transfection: HEK293 cells stably expressing wild type, TSST-4A, and STANT-3A and C-

terminal 11-alanine murine FLAG-MOPr were a gift from Dr. Mark von Zastrow. Other constructs were

5

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 1, 2015 as DOI: 10.1124/mol.114.097527
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 97527
created by site directed mutagenesis of wild type FLAG-MOPr in the pcDNA3 plasmid (Life

Technologies, Eugene, OR). For creation of transently or stably transfected cells, HEK293 cells were
transfected in 6 well plates using Lipofectamine 2000 (Life Technologies) following manufacturer’s
protocol. Cells were cultured in DMEM +10% Fetal Bovine Serum (+G418, 0.8%, for stable célls,

Sigma Aldrich).

Fluorescent Ligand Synthesis: DermA594 was synthesized from Dermorphin analogue (Tyr-D-Ala-Phe-
Gly-Tyr-Pro-Lys-Cys-amide) and Alexa Fluor®594 Cs-maleimde (Life Technologies) as described
previously (Arttamangkul et al., 2000; Birdsong et al., 2013), purified by HPLC and the molecular mass
verified by mass spectrometry (Bioanalytic Shared Resources/ Pharmacokinetic Core, Oregon Health &

Science University).

HEK293 Cell Imaging: Cells were plated on poly-lysine coated 12 mm round glass coverdlips (Neuvitro,
El Monte, CA) and underwent various pharmacological treatments as described. FLAG-MOPr was
visualized using an M1 anti-FLAG antibody directly conjugated with Alexa 488 (M1-A488). Drug
treatment was performed at 37°C in the presence of Concanavalin A (ConA 600 pg/mL, Sigma Aldrich)
to reduce receptor internalization. Coverslips were placed in the imaging chamber where cells were
continually perfused with room temperature ACSF solution containing (in mM): 126 NaCl, 2.5KCl, 1.2
MgCly,, 2.6 CaCl,, 1.2 NaH,PO,, 11 D-glucose, and 21.4 NaHCO; (95% O./5% COy). It was
approximately 5 minutes between the time the coverdlips were removed from drug treatment in the
incubator and when imaging began. This was ample time to ensure that drugs were thoroughly washed
from the cells before DermA594 was applied (see supplementary Figure 1). Imaging was performed as
previously described (Birdsong et al., 2013). Briefly, cells were imaged using an upright spinning disk
confocal microscope. FLAG-MOPr was excited with a 488nm laser while DermA594 was excited by

561nm laser light. Serial images of 488 and 561 nm excitation were acquired with 200 msec. exposures

6

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 1, 2015 as DOI: 10.1124/mol.114.097527
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 97527
every 2.5 seconds. DermA594 was rapidly applied (generally for 90 seconds) and washed using a glass

theta tube flowing either control modified ACSF (ACSF without glucose and NaHCO3; with 15 mM
HEPES-sodium salt added, pH 7.4) or modified ACSF containing 100 nM DermA594. Solution
exchange time was well under 1 second, much faster than the 2.5-second interval between image frames.
The intensity of DermA594 binding (red) was normalized to the intensity of M1-A488 (green) bound to
surface FLAG-MOPr to account for changesin focal plane or cell size during image acquisition. This
resulted in ared: green ratio (R/G) that was normalized to the peak R/G value measured immediately

after washout of DermA594 and plotted as the relative amount of DermA594 remaining.

Animal Experiments: All experiments with mice were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals following protocols approved by
the Ingtitutional Animal Care and Use Committee at Oregon Health & Science University. Both male

and female mice were used in approximately equal numbers.

Viral Injection: Viral plasmids were cloned by inserting N-terminal FLAG tagged wild type, TSST-4A,
STANT-3A and C-term-11A FLAG-MOPr into pAAV-mCherry-P2A WPRE vector, derived from
pPACAGW-ChR2-Venus-AAV (Petreanu et al., 2009). The P2A motif allows for cleavage of mCherry
from the FLAG-MOPr resulting in soluble mCherry to identify infected neurons and membrane-targeted
FLAG-MOPr (Kim et al., 2011). The University of North Carolina Vector Core (Chapel Hill, NC)
produced the AAV 2-serotype viruses. Four to six-week old male and female MOPr knockout mice
(Schuller et al., 1999) were anesthetized by isofluorane and virus was stereotaxically injected 0.45 mm
lateral from midline and -1.4 mm from bregma at a depth of 3.8 mm below the top of the skull into the
mediodorsal thalamus. After recovering from surgery, animals were returned to their home cages for 2-4

weeks following injection. For injections into the mouse locus coeruleus (LC), injections were
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performed identically except the injection site was 0.9 mm lateral, -4.7 mm from bregma, and a depth of

3.9 mm below the skull

Tissue Preparation: Mice were anesthetized with isofluorane and decapitated. The brain was gently
removed into ice-cold ACSF solution + 0.01 mM MK801. Brain was trimmed and mounted into a
vibratome chamber (VT 1200S; Leica, Wetzlar, Germany). Coronal brain dlices (230 um) were prepared
and transferred to a warm ACSF solution + MK801 for 30-45 minutes. After recovery, sliceswere

incubated in ACSF at room temperature until used.

Brain Slice Electrophysiology: Slices were continually perfused with warm (33°C), aerated (95% O,/5%
CO,) ACSF. Virally transduced cells were identified by their soluble mCherry fluorescence. Whole cell
recordings were made from MD neurons using an Axopatch 200A amplifier (Molecular Devices,
Sunnyvale, CA) at aholding potential of -60 mV. Glass pipettes (1.8-2.8 MQ) were filled with a
potassium gluconate-based intracellular solution containing (in mM): 110 K-gluconate, 10 KClI, 15
NaCl, 1.5 MgCl2, 10 HEPES-potassium salt, 1 ethylene glycol-bis (2-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid (EGTA), 2 Mg-ATP, and 0.2 Na-GTP (pH 7.4, 278 mOsm). Series resistance was
monitored and maintained below approximately 15 MQ for inclusion in analysis. Data were digitized

and recorded using a PowerLab digitizer and Chart software (AD Instruments, Colorado Springs, CO).

Desensitization Protocol: Slices were perfused with an approximately half maximal concentration of ME
(100 nM) and the outward current was measured. After establishing a steady baseline. A saturating
concentration of ME (30 uM) was applied for 5 minutes (thalamus) or 10 minutes (locus coeruleus) to
induce acute receptor desensiti zation. Following the desensitization, ME was washed and the half-
maximal ME concentration was reapplied after 5 min. The measurement of “acute decling’” wasthe

basealine-subtracted current amplitudein ME (30 uM) measured at the end of the application asa
8
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percentage of theinitial current amplitude. Theinitial current amplitude was subtracted from a baseline

immediately preceding ME (30 uM). The current amplitude at the end of the 5- or 10-minute pulse was
subtracted relative to the return to baseline following the washout of ME (30 uM). If the current did not
clearly return to baseline between the desensiti zation pulse and the 5 minute test pulse (asin the
STANT-4A and TSST + STANT 7A examplesin figure 5B) the current amplitude was subtracted from
a basdline following the washout of the 5 minute 100 nM ME test pulse. For “sustained desensitization”,
the baseline subtracted current amplitude in response to the ME (100 nM) test pulse five minutes after
washout of the desensitizing pulse was reported as a percentage of the baseline subtracted current

amplitude of the ME (100 nM) prepulse.

Brain Slice Imaging: For confocal and widefield images, coronal brain slices were used for
electrophysiology experiments and fluorescently labeled with Alexafluor-488 hydrazide (10uM) viathe
intracellular patch pipette solution. Slices were fixed in 4% formaldehyde (Ted Pella Inc, Redding, CA)
in phosphate buffered saline for 2 hours. Slices were washed with PBS, mounted on glass slides and
imaged. Widefield fluorescence images were obtained using an Olympus MUX 10 microscope with a
QImaging Retiga 2000R camera. Confocal images were obtained on a Zeiss Ism 780 laser scanning
confocal microscope using a 20X air objective at the OHSU Advanced Light Microscopy Core Facility.
For two-photon imaging of live slice, cells were labeled with M1 anti FLAG antibody conjugated to
Alexa 488 and imaged by excitation at 790 nm on a homebuilt two-photon microscope using scan image

software as described previously (Pologruto et al., 2003; Arttamangkul et al., 2008).

Data Analysis: Image quantification was performed using FIJI software (Schindelin et al., 2012) and the
Time Series Analyzer plugin (J. Balaji, Department of Neurobiology, University of California, Los
Angeles). The fluorescent intensities of regions of interest on the plasma membrane were measured and

background subtracted as described previously (Birdsong et al., 2013). Theintensity of DermA594 was

9
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then norized to the M 1-A488 intensity to control for focal drift. Statistics and graphing was performed

using Origin (OriginLab, Northampton, MA) and Prism 6 (Graphpad Software, La Jolla, CA). One- or
two-way ANOV A were used as appropriate and Tukey’s multiple comparison tests were used as a post-

hoc analysis to determine statistical significance.

Results:

MOPr retained a memory of prior agonist treatment:

Spinning disk confocal microscopy was used to measure the binding and unbinding kinetics of a
fluorescent opioid agonist, Dermorphin conjugated to Alexa 594 (DermA594), to FLAG tagged mu
opioid receptors (FLAG-MOPr) stably expressed in HEK 293 cells. Binding of DermA594 (100 nM. 90
sec) was measured under naive conditions or after cells had been incubated for 2 hours with opioid
agonists morphine (10 uM), [Met]’enkephalin (ME, 30 uM), or [D-Ala?, N-MePhe*, Gly-ol]-enkephalin
(DAMGO, 10 uM). Consistent with previously reported results, incubation with the partial agonist
morphine caused a small decrease in the rate of dissociation of DermA594 compared to untreated cells.
In contrast to morphine, treatment with the full agonists ME and DAMGO induced arobust slowing in
the rate of dissociation of DermA594 (Figure 1A). This effect was not due to the drugs remaining bound
to receptors since the average raw ratio of DermA594: M1 A488 (R/G) either increased or remained
constant across all treatment conditions (Supplementary Figure 1A, B). It was previously reported that
the slowing in unbinding rate following ME treatment reflects an increase in the affinity of DermA594
for MOPr, thusit islikely that DAM GO and perhaps morphine also increase the affinity of MOPr for
DermA594. To compare drug treatment conditions, data were normalized to the peak R/G value of each
cell and the area under the curve of the fluorescence was calculated during the first three minutes
following washout of DermA594 (Figure 1B). All three agonist treatments increased the area under the
curve of DermA594 dissociation, DAMGO and ME significantly more than morphine (ANOVA,

Tukey’s post hoc p< .001 for all treatments vs. untreated). The apparent rate of association (Kay) during
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the 90-second application of DermA594 was also measured. Despite morphine having a modest effect

on the dissociation of DermA594, morphine, ME, and DAMGO all had a significant effect on the
apparent association rate (Figure 1C, ANOVA, Tukey’s post hoc ** p< 0.01, *** p< 0.001 for all
treatments vs. untreated). Because the unbinding of DermA594 was not well fit by single exponentials
under any condition, the ka, could not be used to calculate an affinity change following agonist
treatment. These results suggest that morphine, DAM GO, and ME pretreatment all affect MOPr ligand-

receptor interactions, potentially through several mechanisms.

MOPr phosphorylation modulated agonist binding:

It has been reported that the C-terminal tail of MOPr becomes phosphorylated differently at multiple
sites in an agonist and time-dependent manner (Doll et al., 2011; Lau et al., 2011; Chen et al., 2013)
(Figure 2A). Specifically, DAMGO leads to robust and widespread receptor phosphorylation while
morphine treatment induces less phosphorylation at fewer sites. The differential effect of DAMGO vs.
morphine on dissociation rate mirrors their effects on MOPr phosphorylation under similar conditions. It
was hypothesized that receptor phosphorylation in response to agonist treatment may modulate the rate
of agonist unbinding and agonist affinity. Serines and threonines in two phosphorylation clusters (Figure
2A) were mutated to alanine and the ability of ME to modulate the unbinding rate of DermA594 from
these mutant receptors was determined. Mutation of STANT to AAANA (STANT-3A) had little effect
on the ability of ME pretreatment to slow down the rate of DermA594 unbinding after 20 minutes of
exposureto ME (30 uM, Figure 2B left, middle). After 2 hrs. of ME treatment, there was a significant
decrease in the area under the curve of DermA594 dissociation. However, multiple comparison analysis
revealed no significant interaction between the STANT mutation and ME treatment (p= 0.4227). In
contrast, mutation of TSST to AAAA (TSST-4A) largdly attenuated, but did not completely abolish, the
ability of ME to modulate MOPr binding kinetics (Figure 2B right, 2C). The effect of TSST mutation

was significant after both 20 minutes and 2 hours and there was a strong interaction effect between
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TSST mutation and ME treatment (p< 0.001). Thus, it appears that the TSST motif was involved in

mediating the change in MOPr/DermA594 binding kinetics in response to prior agonist exposure,
possibly through phosphorylation of these residues, although there was clearly a secondary component
that was TSST-independent. It is unclear exactly how the changes in DermA594 dissociation kinetics
affect DermA594 binding affinity. The apparent rate of association of DermA594 at concentrations of
30, 100 and 200 nM was measured before and after ME treatment (30 uM, 2 hrs.) for both the TSST-4A
and STANT 3A mutants (Supplementary Figure 2B). For both TSST-4A and STANT-3A therewas a
significant effect of ME treatment on slowing the rate of association (Untreated vs. ME 2 hrs.: p<
0.001). These data were consistent with ME treatment increasing DermA594 affinity in MOPr lacking
either TSST or STANT phosphorylation sites. The results were not consistent enough to determine the
K4 with reasonable accuracy or to compare the relative effects of mutation of TSST and STANT on

DermA594 binding affinity.

The time-course of modulation of DermA594 binding by ME pretreatment was investigated next to
determine whether changes in binding affinity were temporally similar to induction of acute
desensitization. Both wild type and TSST-4A FLAG-MOPr were treated with ME (30uM) for various
times from 2 minutes to 2 hours (Figure 2D). ME was washed and DermA594 (100nM) was applied for
90 sec as done previously. The area under the curve of the normalized DermA594 fluorescence during
agonist unbinding was determined asin figure 1. ME-induced modulation occurred with both a fast
(time congtant, tau=3 minutes representing 37.5% of the population) and a dow component (tau=80
min., representing 62.5% of the population). Replacement of TSST with alanine (TSST-4A) resulted in a
smaller increase in the fluorescence integral that occurred rather quickly and was best fit with taus of
approximately 4 (38%) and 14 minutes (62%). The difference between WT and TSST-4A became
increasingly significant with increasing M E incubation times (30 uM). These results suggest that the

remaining TSST-independent modulation was relatively rapid while the TSST-dependent increase in
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agonist affinity occurred relatively more slowly on the order of tens of minutes to hours. Thus these two

changes in agonist-induced binding kinetics may be temporally and physically unique. Furthermore, the
TSST-dependent change appears to be somewhat slower than typical acute receptor desensitization,

which occurs over 5 to 10 minutes.

To determine whether phosphorylation could be responsible for the agonist-induced TSST-mediated
change in agonist affinity, glutamate mutations in the TSST cluster were made to mimic receptor
phosphorylation. It has been previously reported that S355 and T357 from the TSST sequence are
important in mediating MOPr desensitization to DAMGO (Wang 2002). Therefore, TSST was mutated
to TESE to mimic receptor phosphorylation. Dissociation of DermA594 under naive conditions was
significantly slowed relative to wildtype (Figure 3A, F, p< 0.001). Following ME treatment (30 uM, 2
hrs.), dissociation of DermA594 further lowed significantly (AUC: TESE untreated; 88.3 +/-4.5, TESE
+ ME; 131.6 +/- 3.00 intensity* sec, p< 0.001 vs. untreated TESE), suggesting that glutamate
subtitution partially mimicked but did not fully occlude the effect of ME treatment. This suggested that
perhaps another residue in the TSST cluster was becoming phosphorylated. To address this, we
substituted glutamates for all residuesin the cluster (TSST-4E). When DermA594 was added to this
mutant, the rate of unbinding under naive conditions was further slowed compared to wild type receptor
(Figure 3B, p< 0.001). Following exposure to ME, the TSST-4E MOPr showed a significant but more
moderate additional slowing in the rate of DermA594 unbinding (AUC: TSST-4E untreated; 99.9 +/-
4.3, TSST-4E + ME; 114.7 +/- 4.2 intensity* sec, p< 0.05). This moderate slowing resembled the change
in DermA594 dissociation in the TSST-4A (Fig 2B right) mutant presumably reflecting a TSST-
independent change. This suggests that by crudely mimicking the charge and size of phosphorylated
serine and threonine residues, the rate of DermA594 dissociation from MOPr can be slowed and
emphasizes that modification of the C-terminal tail of the receptor can propagate to the binding pocket,
affecting agonist binding and, perhaps, receptor function. The difference between TESE and TSST-4E
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suggests that presumably either T354 or S356 is phosphorylated in addition to or in place of S355 and/

or T357. In agreement with mass spectrometry data suggesting two phosphorylation sitesin the TSST
cluster at S356 and T357 (Chen et al., 2013), alanine mutation of TSST restricted to S356 and T357

(TSAA) abolished the effect of ME treatment to asimilar extent as mutation TSST-4A (Figure 3E).

Since alanine mutation of TSST alone did not completely eliminate the M E-induced slowing in agonist
off-rate and STANT mutation had a small but significant effect, the role of phosphorylation in the entire
C-terminal tail was investigated. Mutation of both TSST and STANT (TSST&STANT-7A) or alanine
mutation of all serine and threonine residues (C-term 11A) (Figure 3 B, C, D) had no additional effect;
ME treatment (30 uM, 2 hrs.) still had a small but significant effect on the rate of DermA594
dissociation as quantified by the area under the curve (TSST + STANT 7A +/- ME, p< 0.001, TSAA and
C-term 11A +/- ME, p< 0.001). Thus, it appears that only the final two residues within the TSST motif
are required to induce an agonist-induced change in DermA594 dissociation, likely through receptor
phosphorylation. Noticeably, even when all serine and threonine residues in the C-terminus were

mutated, a small persistent effect of ME pre-treatment remained.

M orphine-induced modulation of DermA594 binding was less dependent on TSST:

Morphine induced a small change in DermA594 dissociation kinetics (Figure 1). Following mutation of
TSST to aaninethe effect of ME treatment on DermA594 kinetics appeared similar to morphine
treatment in WT MOPr. Thisraised the possibility that morphine-dependent modulation of DermA594-
MOPr binding was independent of TSST phosphorylation. Thiswas investigated by comparing the
dissociation rate of DermA594 from WT, TSAA, and C-term 11A MOPr under control conditions,
following morphine treatment (10 uM, 2 hrs.), or ME treatment (30 uM, 2 hrs.) (Figure4 A, B, and C
respectively). TSAA mutation induced a small but significant decrease in dissociation of DermA594

relative to WT following morphine treatment (Figure 4D, p< 0.05). The C-term 11-A was no different
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from WT following morphine treatment, but had a significantly increased AUC of DermA594

dissociation relative to WT MOPr under naive conditions (Figure 4D, p< 0.001). This makesit difficult
to determine whether the effect of morphine was smaller in the C-term 11A relative to WT receptors.
Interestingly, there was no difference in the ability of ME and morphine to modulate DermA594
dissociation in the C-term 11-A. This suggests that the modulation that remained following deletion of
the phosphorylation sites in the C-terminus did not show the same strong agonist bias that was present in

the TSST-dependent modulation.

TSST/ STANT playsarole in acute MOPr desensitization:

The previous results suggest a small rapid decrease in dissociation rate that was independent of
phosphorylation of the C-terminal tail of MOPr and a slower more dramatic change that was dependent
on phosphorylation of the TSST cluster. Furthermore, phosphorylation of the STANT cluster and S375
in particular has been shown to occur rapidly and to mediate receptor internalization (Doll et al., 2011;
Lau et al., 2011; Just et al., 2013). Although TSST appears to be phosphorylated somewhat slowly, it is
possible that phosphorylation of TSST, STANT, or both TSST and STANT affect acute desensitization
of receptor function. To investigate the role of TSST and STANT on MOPr signaling in live neurons,
AAV2 viruses encoding WT or mutant FLAG-MOPr and the soluble fluorescent marker mCherry were
injected into the mediodorsal (M D) and intermediodorsal thalamus (IMD) of MOPr knockout mice
(MOPr-KO). MOPr function was assessed using whole cell voltage clamp recordings in acute brain
dlices. The MD/ IMD endogenously expresses MOPr and GIRK with little evidence of delta or kappa
opioid receptor expression (Mansour et al., 1994; Erbset al., 2015). In agreement with these
observations, when challenged with ME (30 uM), potassium selective outward currents were recorded in
wildtype C57BI6 mice that were absent in MOPr-KO mice. Injection of mCherry-P2A -FLAG-MOPr
AAV2 into the MD/IMD resulted in expression of soluble mCherry and membrane-localized FLAG-

MOPr. Infected neurons were identified by their mCherry fluorescence (Figure 5A top, middle) and
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whole cell voltage clamp recordings were made. Some slices were live stained with M1-Alexa 488 to

determine whether FLAG-MOPr was successfully cleaved from mCherry and trafficked to the plasma
membrane. Two photon imaging of M1A488 stained neuronsin live brain slice demonstrated that
FLAG-MOPr was successfully inserted into the plasma membrane in both the cell body and dendritic

regions of MD neurons while mCherry was soluble and filled infected cells (Figure 5A bottom).

To investigate acute desensitization, dices were challenged with alow concentration of ME (100 nM)
before and following prolonged perfusion with a saturating concentration of ME (30 uM, 5 min.). Two
measures of desensitization of GIRK currents were made, which may represent separate processes. One
measure is the acute decline in the peak current that occursin the continued presence of the
desensitizing concentration of ME (30 uM). The second measure is a more sustained desensitization of
the current evoked by alow concentration of ME (100 nM) 5 minutes after desensitization relative to
that evoked before desensitization. Acute decline and sustained desensitization were measured from
currents evoked in infected MD cells expressing WT and mutant receptors (see Materials and Methods).
Surprisingly, all groups (WT, TSST-4A, STANT-3A, and TSST/STANT-7A alanine mutations) showed
asimilar acute decline in the ME-evoked current regardless of MOPr phenotype (Figure 4B, C), though
there was such large variability within groups that it may have masked any small differences.
Differences between groups emerged only when comparing the sustained component of desensitization
measured using ME (100 nM) tested 5 minutes after desensitization. When both TSST and STANT were
mutated to alanine, there was a significant decrease in sustained desensitization (p< 0.05) and the current
evoked after desensitization was not statistically different from that prior to desensitization (p=0.096,
one sample t-test) (Figure 4C). Mutation of either motif alone, however, failed to significantly decrease
the amount of sustained desensitization. In summary, mutation of both TSST and STANT together was
required to significantly attenuate sustained desensitization in neurons in brain slice but it appears that
STANT played a more significant role than TSST in this sustained desensitization, as TSST/STANT-7A

16

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 1, 2015 as DOI: 10.1124/mol.114.097527
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 97527
was not significantly different from STANT-3A in any of the measures of desensitization. Additionally,

the acute decline of current in the continued presence of agonist did not directly correlate with measures
of sustained desensitization suggesting that either these two measures involved different processes or

that the acute decline in signaling was a less sensitive measure of receptor function.

To address the problem of variability in the acute decline experiments, similar experiments were carried
out using WT or TSST/STANT-7A expressed in LC neuronsin MOR knockout animals. Like
recordings in the medial thalamus, both WT and TSST + STANT-7A expressed in LC neurons showed
an acute decline in response to saturating ME (30 uM, 10 min, Figure 5D). In the LC, however there was
asmall but statistically significant reduction in the acute decline found in mutant TSST+STANT
receptors (Figure 5E, p< 0.05, two-sample t-test). Despite the longer desensitization timein the LC (10
minutes vs. 5 in the thalamus), the sustained desensitization in the TSST/STANT-7A MOPr mutant was
significantly decreased relative to the WT MOPr (p< 0.05, two-sample t-test) and, on average, sustained
desensitization was eliminated (WT: 78 +/- 4%, TSST/STANT-7A: 101 +/- 7 % of pre-desensitized).
Thus, in the LC, acute decline was slightly but significantly attenuated by mutation of both the TSST
and STANT motifs. The results suggest that sustained desensitization was more sensitive to TSST and/

or STANT phosphorylation than measures of acute decline.

Discussion:

The current study builds on a previous observation that activation of MOPr by desensitizing agonists
induces a long-lived high affinity state for agonists but not antagonist (Birdsong et al., 2013). A cluster
of threonine and serine residues in the proximal C-terminal tail (TSST) beginning at Thr354 was
identified as a magjor mediator of the dowed agonist dissociation. Alanine mutation of this cluster alone
did not affect acute desensitization of MOPr signaling in neurons of the MD thalamus. Mutation of both

the TSST and STANT clusters significantly reduced sustained desensitization, although in the LC there
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was also a small and significant decrease in acute decline. The results also suggest that phosphorylation

of the C-terminal tail of GPCRs acts as an allosteric modulator of ligand binding.

Agonist-dependent TSST phosphorylation in HEK cells has been demonstrated previously by mass
spectrometry (Lau et a., 2011; Moulédous et al., 2012; Chen et al., 2013). Truncation and mutation
studies have shown conflicting results on the effect of TSST on desensitization and receptor down-
regulation (Burd, 1998; Deng et al., 2000; Wang, 2000; El Kouhen et al., 2001). The DermA594 binding
data demonstrate that mutations of TSST affect agonist dissociation kinetics. The TSAA mutant had the
same effect as TSST-4A and C-term 11A on DermA594 binding kinetics suggesting that the final two
residuesin the TSST cluster are the relevant phosphorylation sites, in agreement with mass spectrometry
data (Chen et al., 2013). The results measuring acute desensitization suggest that mutations of TSST
along with STANT are required to have afunctional action. It is possible that TSST phosphorylation
induces anon-functional high affinity state of MOPr. STANT phosphorylation, on the other hand may
lead to receptor internalization, which should reduce functional receptors. Therefore, TSST and STANT
may both affect receptor function pathways— STANT phosphorylation decreases the number of surface
receptors while the phosphorylation of TSST inactivates receptors. Thisis consistent with pervious

studies identifying multiple parallel pathways that can mediate acute desensitization (Dang et al., 2009).

The functional data presented here suggest that TSST played some role in the process of desensitization
or recovery from desensitization and induced a slowly dissociating binding state. Although it is not clear
if the two are related, it istempting to speculate that the TSST-phosphorylated state of MOPr is
incapable of GIRK signaling. A previous study found a faster rate of GIRK deactivation following acute
desensitization compared to naive cells (Williams, 2014). Thisresult isthe opposite of what would be

expected if these lowly dissociating TSST-phosphorylated receptors were functional and actively
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signaling to GIRK but would be consistent with TSST phosphorylation stabilizing an uncoupled

conformation of the receptor.

The time course of the change in agonist affinity was relatively slow compared with the time course of
acute desengitization (minutes vs. tens of minutes), yet mutation of TSST and STANT together affected
receptor desensitization. Phosphorylation of residuesin the STANT cluster begins rapidly—on the order
of seconds (Dall et al., 2011). Arrestin recruitment can occur in 1-2 minutes followed quickly by
receptor internalization (Keith et al., 1996; Wolf et al., 1999; Arttamangkul et al., 2008; Lau et al.,
2011). TSST phosphorylation has been demonstrated after 10 minutes of DAM GO and morphine
treatment, but the relative amount of phosphorylation is unknown (Chen et al., 2013). Although the time
course of phosphorylation of TSST is not known, the amount of phosphorylation of TSST is reportedly
increased after 20 minutes of exposure to DAMGO and further increased after 3 hours exposure (Lau et
al., 2011; von Zartrow personal communication). Consistent with that result, the change in unbinding
rate of DermA594 occurred with a biphasic time course on the order of both minutes and hours of ME
exposure. While this study focused on the effect of TSST mutation on acute desensitization using a 5-
minute desensitization protocol, TSST phosphorylation may play a more significant role in cellular

tolerance following hours of agonist exposure.

In al binding experiments reported here, ConA was used to decrease the amount of receptor
internalization. Under normal conditionsit islikely that many of the high affinity TSST-phosphorylated
receptors would be internalized. While receptor desensitization has been afocus of this study, TSST
phosphorylation may affect some aspect of receptor trafficking or function secondary to internalization.
For example, TSST phosphorylation may regulate recycling of receptors after internalization (Roman-
Vendrell et a., 2012). Alternatively, it has recently been shown that the 2 adrenergic receptor can

signal from endosomes to activate transcription and internalized GPCRSs appear capable of signaling
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(Tsvetanova and von Zastrow, 2014). Perhaps TSST phosphorylation alters the function of endocytosed

FLAG-MOPr, either positively or negatively, to affect cell function at the level of kinase signaling,

transcriptional regulation, or receptor recycling and degradation.

Because most opioid drugs are not easily washed from brain slices, many investigations of opioid
receptor desensitization study the acute decline in signaling in the continued presence of agonist. Results
from electrophysiological recordings demonstrated a clear difference between the acute decline of
current in the presence of saturating agonist concentration and the sustained desensitization measured
with alower concentration of agonist following desensitization—in MD acute decline was not affected
by TSST and STANT mutation while sustained desensitization was. In the LC acute decline was slightly
decreased but still present while sustained desensitization was eliminated. One explanation for thisis
that sustained desensitization may be a more sensitive assay and thus small changes to desensitization
may not be revealed when measuring acute decline (Borgland et al., 2006). This seems unlikely because
other studies have found that muscarinic receptor activation of protein kinase C can increase the amount
of acute decline (Bailey et a., 2004) in response to ME treatment without affecting sustained
desensitization (Arttamangkul et al., 2015). If sustained desensitization were a more sensitive
measurement, anything that affected acute decline would be expected to affect sustained desensitization
aswell. Thus, these two measures may reflect different forms of desensitization, one transient and one
more persistent, mediated by multiple pathways. Further complicating direct comparisons, recovery
from desensitization is likely an important aspect of sustained desensitization. Rather than initiating the
process of desensitization; phosphorylation of TSST and/ or STANT might maintain MOPr in a
desensitized state so that mutation of TSST and STANT facilitated rapid recovery from desensitization.
Therefore, acute decline and sustained desensitization may be regulated by multiple or different
mechanisms and care must be taken in comparing experiments using these different measures of

desensitization.
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Modulation of DermA594 binding by ME was largely attenuated by mutation of TSST, yet there was a
clear and significant effect of ME treatment even in the C-term 11-A mutant. This suggests that there are
at least two mechanisms regulating MOPr-agonist interactions, one through TSST and the other
unknown. The dramatic effect of TSST mutation on the ability of ME to slow the rate of DermA594
dissociation isin contrast with the effect on morphine modulation of MOPr-DermA594 binding. The C-
term 11-A mutant had only a small effect on morphine-induced modulation of MOPr. This suggests that
morphine-dependent modulation may proceed largely through the unknown pathway while ME uses
both pathways. Thus, TSST phosphorylation may be strongly biased towards full agonists such as ME,
while the unknown portion may demonstrate less bias. This would be cons stent with the proposal that
morphine and DAM GO can induce MOPr desensitization through different pathways in HEK cells

(Johnson et al., 2006; Kelly et al., 2008).

In summary, the results suggest that agonist-mediated phosphorylation of TSST in the C-terminal tail of
MOPr induced along-lived slowly dissociating interaction between MOPr and opioid agonists. While
mutation of TSST or STANT alone did not have a significant effect on acute MOPr desensiti zation,
mutation of both TSST and STANT significantly reduced the amount of sustained desensitization
following ME treatment. These results suggest an expanded role for phosphorylation in the regulation of
MOPr function beyond B-arrestin recruitment and emphasi ze that the acute decline in signaling appears
to be regulated by mechanisms that are distinct from those mediating more sustained desensitization.
Finally, while TSST mutation largely attenuated the M E-induced change in DermA594 dissociation,
there was till a persistent effect of ME treatment on DermA594 binding that was independent of serine/
threonine phosphorylation in the C-terminal tail domain. Thus TSST, STANT and other unknown

residues may play additive or complementary roles in the dynamics of opioid receptor signaling
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depending upon the agonist applied, the time course of opioid exposure, and perhaps the system used to

measure MOPr signaling.
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Figure Legends:

Figure 1: High efficacy agonist pre-treatment slowed dissociation of fluorescent agonist DermA594: A)
HEK?293 cdlls stably expressing FLAG-MOPr were incubated at 37°C with concanavalin A (black, 600
ng/mL) and morphine (blue, 10uM), DAM GO (white, 10uM), or ME (red, 30uM) for two hours.
Following incubation, cells were washed and imaged at RT while DermA594 (100nM) was applied for
90 seconds and then rapidly washed. DermA594 fluorescence intensity on the plasma membrane was
normalized to the intensity at the end of the 90-second application and single examples are plotted. The
area under the curve (AUC) during the first 3 minutes of DermA594 dissociation is shaded in gray for
untreated FLAG-MOPr. B) Summarized data plot the AUC of the normalized DermA594 fluorescent
signal for thefirst 3 minutes following washout of DermA594 (n=7-9, avg. +/- s.e.m.). Morphine,
DAMGO, and ME treatment all significantly increased the AUC relative to untreated cells. C) The
apparent association rate (Kapp)) Was determined under each treatment condition (untreated, morphine
(10uM), DAMGO (10uM), or ME (30uM) for 2 hrs.) and is plotted, (n=6-7, avg. +/- se.m.) (**, p<
0.01; ***, p<0.001 relative to untreated; ###, p<0.001 relative to morphine treatment, one-way

ANOVA, Tukey’s post hoc)

Figure 2: Phosphorylation motif involved in agonist modulation of MOPr binding affinity. A) The
amino acid sequence of the C-terminus of murine MOPr is depicted beginning with phenylalanine 347.
Serine and Threonine residues are shown in red. Two phosphorylation clusters “TSST” and “STANT”
are underlined. B) Serine and threonine residues were mutated to alanine within the STANT (middle,
STANT-3A) and TSST (right, TSST-4A) cluster. Cells were either untreated (black) or treated for 20
minutes (open) or 2 hrs. (red) with ME (30uM). After washing ME, DermA594 (100nM, 90 sec.) was
applied and rapidly washed. Dissociation of DermA594 from WT (left), STANT-3A (middle), and
TSST-4A (right) FLAG-MOPr was plotted. C) TSST-4A had less DermA594 bound after 3 minutes of
washout of DermA594 relative to WT and STANT-3A (n=6-11, avg +/- s.em.). D) Time course of
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modulation by ME. WT and TSST-4A FLAG-MOPr were treated with ME (asin fig 2B) for various

times from 2- 120 minutes and washed. The area under the normalized curve for the dissociation of
DermA594 was plotted relative to ME treatment time (n=7-9, avg. +/- se.m.), (*, P< 0.05; **, p< 0.01,

*** p<0.001 vs. WT, two-way ANOVA, Tukey’s post hoc).

Figure 3: Modulation in the C-terminal tail of MOPr isrestricted to TSST. HEK293 cells expressing
mutant FLAG-M OPr were untreated (open squares) or treated with ME (30 uM) for 2 hrs. (closed
sguares) and dermA594 (100 nM, 90 sec) was added and then washed. Dissociation of DermA594 was
measured and plotted. Previously shown data with WT FLAG-MOPr were superimposed with light gray
(untreated) and light red (ME 2 hrs.) lines. A-B) TSST to TESE (TEST) and TSST to EEEE (TSST-4E)
were used to mimic phosphorylation. B-E) TSST to TSAA (TSAA) attenuated the M E-induced
modulation of DermA594 binding to approximately the same extent as mutation of TSST + STANT to
AAAA + AANA (TSST/STANT-7A) or mutation of all 11 serine and threonine residues in the C-
terminal tail to alanines (C-term 11A) (n=4-6, avg. +/- s.e.m.). D) Summarized data plotting AUC for
the first 3 minutes of DermA594 dissociation for the mutants that were graphed above. WT MOPr AUC
isdrawn as light grey line (untreated) and light red line (ME, 2 hrs.) for comparison. Statistics compare
mutant vs. WT under the same treatment conditions (either untreated or ME treated) (n=5-15, avg. +/-

s.em.).

Figure 4. C-terminal mutation had only a modest effect on morphine-induced modulation of binding.
HEK 293 cells expressing WT, TSAA, and C-term 11-A MOPr were untreated (A), or treated with
morphine (B, 10 uM, 2 hrs.) or ME (C, 30 uM, 2 hrs.). The normalized relative amount of DermA594.
M1-A488 is plotted immediately following DermA594 exposure (100 nM, 90 sec). D) AUC for thefirst
3 minutes of DermA594 dissociation is plotted for each condition. (*, p< 0.05; ***, p< 0.001 vs. WT

under same drug treatment condition, two-way ANOV A, Tukey’s post hoc) (n=5-15, avg. +/- s.em.).
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Figure 5: C-terminal serine and threonine residues are involved in sustained acute desensitization. A)
FLAG-MOPr + mCherry AAV2 was injected into the MD thalamus of MOPr KO mice. Coronal brain
slices were made and an mCherry expressing cell was filled with Alexa 488. The fixed coronal brain
slice was imaged using widefield fluorescence (top) or laser scanning confocal microscopy (middle).
Confocal image of an Alexa 488 (green) filled cell also expressing mCherry (red), (merged in yellow)
among other AAV 2 infected cells from the brain slice pictured above. Scale: 40 um. Bottom: two-
photon images of alive brain slice showing neuronsin MD thalamus exressing mCherry (left) and
stained with M1-Alexa 488 anti-FLAG antibody (middle) and overlaid in the merged image (right).
Scale: 10 um. B) Exemplary whole-cell electrophysiological recordings from wildtype and mutant
FLAG-MOPr expressing cells. Slices were treated with an approximately EC50 concentration of ME
(100 nM). Cdlls were desensitized with ME (30 uM, 5 minutes) and then retested with EC50 ME 5
minutes later. C) Summary data show the percentage of the current remaining following desensitization
in the continued presence of ME 30 uM (Acute Decline) and the percent amplitude of the EC50 ME
measured 5 minutes after desensitization relative to the current evoked prior to desensitization (ECsp 5
minutes) in individual cells (open circles) and as an average (avg. +/- s.em. n=9-10 dlices, 6-10
animals). D) FLAG-MOPr + mCherry AAV2 was injected into LC of MOPr KO mice and
representative whole-cell voltage clamp recordings are shown for WT or TSST/ STANT-7A MOPr. A
sub-saturating concentration of ME (100 nM) was applied before and following a 10-minute super-
saturating concentration of ME (30 uM, 10 minutes) to induce acute desensitization. E) Acute declinein
the continued presence of agonist and sustained desensitization (ECsp 5 minutes) were measured as
described above. Average and individual measurements (cyan open circles) are plotted (avg +/- s.em.

n=6-7 dices, 4-5 animals.) *, p<.05 compared to WT, One-way ANOV A, Tukey’s post hoc.
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