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ARTICLE INFO ABSTRACT

Development of opioid analgesics with minimal side effects requires substantial knowledge on structure-kinetic
and —thermodynamic relationship of opioid-receptor interactions. Here, combined kinetics and thermodynamics
of opioid agonist binding to human p-opioid receptor (h-uOR) was investigated using real-time label-free surface
plasmon resonance (SPR)-based method. The N-terminal end truncated and C-terminal 6His-tagged h-uOR was
constructed and expressed in E. coli. Receptor was purified, detergent-solubilized and characterized by circular
dichroism. The uniform immobilization of h-pOR on Ni-NTA chips was achieved using hybrid capture-coupling
approach followed by reconstitution in lipid bilayer. Thermodynamic equilibrium affinities of opioids were in
narrow nanomolar range and in near quantitative agreement with their K; values. However, they did not cor-
relate with their in vitro ECs, values, indicating that they might not have thermodynamic selectivity. Contrary,
on and off rates exhibited much larger dispersion and well correlated with ECs, values, indicating that opioids
might exhibit kinetic-selectivity towards their target. Temperature-dependent SPR assays provided access to rate
and equilibrium thermodynamic data, which demonstrated binding of morphine and naloxone to pOR was
exothermic and essentially enthalpy driven. This work suggests that kinetic-based structure-activity of opioids in
drug design and incorporation into the pharmacokinetics-pharmacodynamics predictions may have more value
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than thermodynamic equilibrium constants alone.

1. Introduction

The p-opioid receptor (UOR), a member of the G protein-coupled
receptor (GPCR) superfamily, is a molecular target for the treatment of
pain and related psychiatric disorders, and critically involved in mod-
ulating social behavior (Pellissier et al., 2017). Although opioids tar-
geting LOR are the most used analgesics in clinical practice, minimizing
side effects while improving clinical efficacy has been impeded by
difficulties in methodologies to investigate biophysical properties of
ligand-receptor interactions. In clinical trials, pain is controlled by
gradually titrating opioids to determine optimal dose necessary for
balance between adequate pain relief and side effects (Katz, 2005;
Petrone et al., 1999). It appears that even though efficacies of the drug
candidates are well characterized, lack of clear understanding about
biophysical properties such as kinetics and thermodynamics of ligand-
target interactions prevents to discriminate analgesic effect from side
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effects in early times and results in increased failure rate of clinical
trials. Moreover, some full agonists of ptOR like morphine and metha-
done exhibit very similar affinities but dramatically different effective
analgesic scores as well as severity and risk factors for adverse reactions
(Mercadante et al., 1998). This argues that these compounds may have
no thermodynamic selectivity but still have kinetic selectivity (de Witte
et al., 2016) to the same target if their association and dissociation rates
are different. Although, equilibrium values such as ICso, Kp or K;
quantified at constant concentrations provide the affinity-based po-
tency and binding information; they give no insight in to the kinetic-
based potency. This is especially important in determining the role of
dissociation rate and residence time in drug potency (Copeland et al.,
2006; Swinney, 2006). Therefore, binding kinetic and thermodynamic
characteristics of opioids should be fully utilized and incorporated into
the pharmacokinetic-pharmacodynamics (PKPD) models to predict the
drug activity. Such characterization would be detrimental in revealing
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trade-off between analgesic and side effects, which could occur even at
sub-optimal doses (Jamison et al., 1998).

Surface plasmon resonance (SPR) is widely applied to study bio-
molecular interactions (Rich and Myszka, 2000). Despite the intrinsic
prerequisites of SPR, such as immobilization of one binding partner
while retaining its structural and functional activity, SPR remains a
powerful analytical tool as it offers sensitive (picomolar range), label-
free and real-time measurements of binding kinetics and thermo-
dynamics. Although, GPCRs are conveniently expressed and scaled up
in E. coli with proper post-translational modifications (Grisshammer
et al.,, 1993; Ren et al., 2009; Stanasila et al., 1999; Tucker and
Grisshammer, 1996), their immobilization onto the SPR sensor chips in
a function-retaining manner and in sufficient density is challenging.

Here, to analyze complete kinetic and thermodynamic character-
istics of opioid—IOR interactions, we expressed and detergent-purified
N-terminal end truncated and C-terminal his-tagged human pOR (h-
UOR), which was then assembled onto the SPR chip by capture-coupling
and reconstitution. This method produces uniformly oriented native h-
UOR in lipid bilayer. Reconstitution in lipid layers mimics biological
membranes and is critically involved in receptor functionality including
facilitating structural reorientation in agonistic/antagonistic activation
as well as G protein binding. This approach allowed directly obtaining
and analyzing high-quality kinetic, affinity and thermodynamic data
and temperature-dependent kinetics of opioid-pOR interaction in a real-
time fashion. Importantly, free energy difference between ground and
transition states for binding of morphine to h-uOR, which controls the
association and dissociation of the compound was investigated.
Furthermore, our data reveal quantitative agreement between kinetic/
affinity values and reported in vitro K; and ECs, values, obtained using
UOR  agonist-stimulated [355]guanosine-S’-O-(3-thiotriphosphate)
([*>S]1GTPyS) binding assays.

2. Materials and methods
2.1. Expression and purification of recombinant human p opioid receptor

The pET-28b + vector that encodes C-terminal His-tagged and N-
terminal end truncated (Aaa 1-65) variant of human pOR in between
the BamHI and Xbal restriction sites under the control of T7 transcrip-
tion was transformed and expressed in BL21 (DE3) cells. The receptor
was then purified using nickel-resin affinity chromatography as de-
scribed previously with some modifications (Ma et al., 2013). Briefly,
harvested cells were lysed in buffer containing 1 M urea in 50 mM Tris-
HCl, pH 8.0, 10% Glycerol, 0.1% Triton X-100, lysozyme (1 ug per OD
of cells), 5mM MgCl,, 2mM 2-Mercaptoethanol, 1 mM EDTA and
100U of benzonase. The cell lysate was centrifuged at 10000g for
20 min to collect inclusion bodies. The supernatant was further ultra-
centrifuged at 120000g for 90 min to harvest membrane fractions. The
membrane pellets were resuspended in 20 mM Tris-HCl, 300 mM Nacl,
10% Glycerol, pH 8 and 1% Fos-Choline-12 and gently agitated for 2h
at 4 °C. Supernatant containing solubilized receptor was separated by
centrifugation at 12000g for 20 min and subsequently applied to nickel
affinity column. Captured receptor was washed with buffer containing
20 mM Tris-HCl, 300 mM NaCl, 10% Glycerol, pH8 and 0.1% Fos-
Choline-12, and eluted in fractions with buffer containing 20 mM
Tris-HCl, 300 mM NaCl, 10% Glycerol, pH 8, 0.1% Fos-Choline-12 and
300 mM imidazole. Solution of h-uOR was dialyzed against 20 mM so-
dium phosphate, 150 mM NaCl, pH 8 and 0.1% Fos-Choline-12.

2.2. Circular dichroism measurements

Circular dichroism (CD) spectra were collected using AVIV Model
410 Circular Dichroism spectrophotometer (Aviv Biomedical Inc., USA)
using h-pOR at concentration of 0.2mg/mL in 20 mM sodium phos-
phate, 150 mM NaCl, pH 8 and 0.1% Fos-Choline-12. Spectra were re-
corded from 260 to 185 nm with a step size and bandwidth of 1 nm.
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Thermal ramping were performed from 10 °C to 90 °C with the rate of
1 °C/min, 0.2 °C tolerance and 0.5 °C step size. Results were recorded in
millidegrees and converted to mean residue ellipticity, 6,
deg.-cm*dmol~'. Data were collected using CDS Program (Aviv
Biomedical Inc., USA). Spectra were averaged from five scans and
smoothed using a Savitzky-Golay algorithm (Savitzky and Golay,
1964). All CD data were corrected by subtracting the spectrum of buffer
alone. Spectra were deconvoluted using BeStSel program (Micsonai
et al., 2015).

2.3. Surface plasmon resonance

SPR experiments were carried out using a ProteOn™ XPR36 Protein
Interaction Array System (Bio-Rad Laboratories, Inc., Hercules, CA).
Hybrid capture-coupling strategy was utilized to immobilize detergent-
solubilized h-pOR in the presence and absence of a reconstituted bilayer
(Rich et al., 2011). The sensor chip tris-Nitrilotriacetic Acids (NTA)
surface was first activated using 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-Hydroxysuccinimide (NHS) reagents, ac-
cording to the standard procedure for amine coupling. The surface then
Ni2 + -charged according the manufacturer's protocol. For direct cap-
ture-coupling of C-His-tagged h-uOR (in running buffer of 10 mM
HEPES, pH 7.4, and 0.15 M NaCl supplemented with 0.1% Fos-Choline-
12) detergent-purified receptor was diluted to 10 ug/mL in running
buffer and injected at 5 yL/min until the immobilization levels reached
2000-3000 resonance units (RU). In a separate channel immediately
after the immobilization of detergent-solubilized h-uOR, a 1-palmitoy-
1-2-oleoyl-sn-glycero-3-phosphocholine (POPS) lipid bilayer was re-
constituted by injecting a mixture of 3 mM POPC and 3 mM Fos-Cho-
line-12 for 30 min. The remaining surface-active groups were blocked
with 1M ethanolamine hydrochloride, pH8.5. A reference surfaces
were also generated where the channel was activated and blocked with
or without subsequent reconstitution of a lipid bilayer. All sensorgrams
corresponding to the directly capture-coupled or lipid-reconstituted
receptor were double referenced (signals from the reference channels
without and with lipid bilayers are subtracted from the acquired signal
in the h-pOR channels and corrected with a blank buffer injection).

2.4. Kinetic characterization of opioid agonists

For kinetic constants and Kp measurements, at least five gradient
concentrations of morphine sulfate pentahydrate, fentanyl citrate, bu-
prenorphine hydrochloride and methadone hydrochloride (Sigma
Aldrich, St. Louis, MO, USA) from 0.625 to 20 nM were prepared in
running buffer and flowed at 60 pL/min over the immobilized surface
for 2min at 25°C. Double referenced data were analyzed using non-
linear least squares analysis method as described previously
(O'Shannessy et al., 1993). OriginPro 2015 (OriginLab Corporation,
MA) was used for routine curve fitting of integrated rate equations

R; = Rekort @
and
R= [C]koanax [1 - e_((lcjkon+k0ff)t)]/[[C]kon + koff] (2

for dissociation and association phases respectively, where ko, and ko
are rate constants, R, is maximal response, [C] is the concentration of
analytes.

2.5. Determination of thermodynamic parameters of equilibrium

Temperature-dependent studies of morphine and h-pOR interactions
were conducted at 15, 20, 25, 30 and 35 °C. At each temperature point
the instrument was equilibrated for at least 30 min before the mea-
surements. Two-fold serial dilutions of morphine in running buffer were
prepared and injected for 2 min over the immobilized detergent-solu-
bilized h-pOR at a flow rate of 60 uL/min. The derived affinity constant
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Ka (Ka = kon/kotr or Ko = 1/Kp) at various temperatures from 15 to
35°C were fitted with the non-linear integrated form of van't Hoff

equation, where the enthalpy is not temperature-independent
(AC, = 0):
AH°(T,) — T,AC, AC,
anA=—( ) o2pf1 1 +—2In e + InkK,
R T, T R T 3

where, K, is the equilibrium association constant at reference tem-
perature T, = 298.15K; AH’ is standard enthalpy at T,; AC, is heat
capacity at constant pressure; R is the universal gas constant
(8.314 Jmol ~' K™ 1). For linear van't Hoff plots, the standard enthalpy
and entropy were obtained by fitting the data to equation:

—AH'1 AS’

InKy=—""— ¢
M4 R T R 4

2.6. Determination of transition state formation

Kinetic data can be analyzed by use of the Eyring's theory. For linear
Eyring plots of In(k.zh/kgT) vs 1/T, the enthalpy (AH’ *) and entropy
(AS*) of the activation were obtained by fitting the data with equation:

kogrh —AH 1  AS™
In[——|= —-= + —
kgT R T R 5)

where, kos is the off rate constant; h is Planck's constant
(6.626 x 107347 5s); and kg is Boltzmann's constant
(1.381 x 10~22JK™1). For the nonlinear Eyring plots of the on rate
kon, data were fitted with the nonlinear Eyring equation:

koh)  —AH1  AS™  AG(T°-T)1  AC, (T
In| == | = =+ "=+ —FIn[—
ks T R T R R T R \T°

(6)

Python scripts using curve_fit package from scipy.optimize module
were developed for routine fitting of thermodynamic and kinetic data.

3. Results and discussion
3.1. Expression and characterization of h-uOR

The h-pOR protein expressed well in E. coli. Purity up to ~90% was
achieved using nickel-ion affinity chromatography. Other contaminants
were removed by dialyzing the protein against a solution of 20 mM
sodium phosphate buffer (pH = 8.0), 150 mM NaCl containing 0.1%
Fos-Choline-12. A single major band with the estimated mass of pur-
ified h-uOR (~40 kDa) was observed on Western blot (not shown). The
a-helical content was estimated to be 48.1% as obtained from decon-
volution of its CD spectrum at 25°C (Fig. la). The folding of the
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receptor was in agreement with reported values for N-terminal trun-
cated human h-uOR (47 = 3%) (Muller et al., 2010). The temperature
dependence of the CD signal at 222 nm revealed that h-pOR lost ellip-
ticity with increasing temperature (Fig. 1b), exhibiting a melting tem-
perature of T;,, = 70 °C as obtained from the maximum of the first de-
rivative d6/dT at 222 nm (Fig. 1c).

3.2. Kinetics of opioids binding to the h-uOR

To analyze the affinity and kinetics of opioids with h-uOR, de-
tergent-solubilized receptor was immobilized onto the SPR sensor chip
using hybrid capture-coupling strategy, in which the nickel-charged
NTA surface is activated with an EDC/NHS mixture prior to injection of
the receptor. With this strategy the receptor is first preconcentrated via
the His-tag for subsequent covalent immobilization via the activated
carboxyl groups as previously described for His-tagged StaR A,sR and
B'AR proteins (Rich et al., 2011). This allows capturing receptor at C-
terminal, which produces uniformly oriented stable protein layers on
the sensor surface with N-terminal facing the solvent. Such orientation
of receptor molecules allows controlling the access to binding pocket on
the receptor for quantitative studies of opioid interaction. The im-
mobilized receptor was immediately on-surface reconstituted in lipid
bilayer (Karlsson and Lofés, 2002; Stenlund et al., 2003). The schematic
of immobilization strategy is shown in Fig. 2a. We analyzed affinity and
kinetics of five opioids with different physicochemical and pharmaco-
logical properties. In order to avoid mass transfer limitations and non-
Langmuirian kinetics due to steric hindrance between immobilized re-
ceptors, an Ryay of ~2000 RU (1 RU = 1 pg of protein per mm?) was
used for the binding studies, which was sufficient for quantification of
all analytes. More than 80% of immobilized h-pOR preserved func-
tionality, as determined by the ratio of measured SPR responses in the
presence and absence of opioids. Opioids were injected over the func-
tionalized surface for 2 min at gradient concentrations between 0.625
and 20 nM. The SPR sensorgrams were well fit by a 1:1 binding model.
Morphine, methadone, buprenorphine, fentanyl, and naloxone bound
to h-uOR with Kp of 4.3, 3.4nM, 1.3nM, 1.7 nM, and 3.4 nM respec-
tively (Fig. 2b, Table 1). These affinities were compared with literature
equilibrium inhibition constant values (K;) obtained from in vitro
competition binding experiments using [3HIDAMGO (Bento et al.,
2014). There is a good correlation (Pearson's r = 0.93) between the
SPR-derived Kp and these K; values (Fig. 3a); indeed, these equilibrium
constants are in near quantitative agreement (P = 0.02 by the two-
tailed Student's t-test).

Although only the small differences in the thermodynamic equilibrium
affinities among these tested opioids were observed, the kinetic rates of
association and dissociation in different agonists could be resolved, which
indicated kinetic specificity in formation of opioid-h-uOR complexes.

200 220 240 0 20
Wavelength, nm

Fig. 1. Secondary structural analysis of detergent-purified h-pOR.

40 60 80 0 20 40 60 80 100
Temperature;C

TemperatureesC

(a) CD spectrum of h-pOR (0.2 mg/mL) solubilized in 20 mM sodium phosphate, 150 mM NaCl, pH 8 and 0.1% Fos-Choline-12 in a 0.1 cm cuvette. Average of five
measurements recorded at 25°C and was deconvoluted to determine the secondary structure content. (b) The mean residue ellipticity at 222 nm collected as a
function of temperature. (c) Estimation of the melting temperature from the maximum of the first derivative d6/dT at 222 nm.
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Fig. 2. Surface plasmon resonance measurements of opioids binding to h-uOR. (a) Schematic illustration of receptor immobilization strategy. Capture of a detergent-
solubilized h-yOR via C-terminal His-tag onto a Ni>* NTA chip followed by amine coupling and injection of lipid—detergent mixed micelles and formation of a lipid
bilayer. (b) Sensorgrams of the binding of opioid ligands that were injected at concentrations ranging from 0.625 to 20 nM over the captured h-uOR surface at 25 °C.
Double referenced data were fit using the nonlinear least squares method. Data are representative of three independent measurements.
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Table 1

Kinetic and affinity constants determined for opioid-h-uOR interactions using SPR.
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Opioid compound

Kkon
M~ ls7!

kost

Sfl

Morphine
Fentanyl
Methadone
Buprenorphine
Naloxone

3.6 x 107 (+ 2.3)
5.3 x 107 (£ 0.6)
6.9 x 10° (£ 1.7)
1.0 X 107 (= 0.3)
4.4 x10°(+1.4)

7.1 %1072 (+0.4)
8.7 x 1072 (£ 1.1)
1.9x 1072 (£ 0.3)
1.3x1072(%0.2)
1.4 x 1072 (+0.1)

Kp K; tiz

nM nM s
43(x1.9) 35(x1.9 9.8 (x0.6)
1.7 (£0.3) 1.6 (£ 0.4) 8.2 (*1.0)
34(x14) 2.6( = 2.5) 381 (=7.1)
1.3(%=0.2) 1.8 (= 0.5) 58.0( £ 12.2)
3.4 (%09 3.63 (% 0.4) 48.4 (= 1.9)

Dissociation half-life time calculated from t; 5 = In(2)/kog.
Data represent the mean +

standard error of three independent experiments using different sensor chips. K; values for agonists were obtained from database that

reports LOR agonist-stimulated [**S]GTPyS binding assays. K; values for naloxone were obtained using CHO cell membranes stably expressing p receptors with [°H]

diprenorphine as reference ligand (Schlechtingen et al., 2003).

a b,
9.0 )
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Pk () pk,, (M"s™)
Fig. 3. Affinity and kinetic constants of opioid-h-uOR relative to their ECs, values. (a) Correlation between SPR-derived pKp = —log;o (Kp/M) values and in vitro
PK; = —logio (Ki/M) values (M = mol/L). (b) Correlation between pKp and pECs, values. (c) Correlation between pECso and dissociation rate constant; pk,s = —logio
(kog/s ™ 1). (d) Correlation between DECs and association rate constant; pk,, = — 10810 (Kon/M ™~ 1s~1). The shadowed area identifies the 95% confidence interval. Red

line in each plot is a linear least squares fit to the data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Relatively slow association and dissociation was observed for buprenor-
phine (kon = 1.0 X 10°M ™ s7, ko= 1.3 x 1025~ "), methadone
(kon = 6.9 X 10°M ™ 1571, ko= 1.9 x 10725™1) and naloxone (kon
4.4 X 10°M 1571, ko = 1.4 x 107257 1), while fentanyl (ko = 5.3 X

10°M Y571 kog=87x10"%s"") and morphine (ko, = 3.6 X

10 M~ 7Y ko = 7.1 x 10~ 257 1) exhibited more rapid association and
dissociation rates. Elevated dissociation half-life values of buprenorphine
(t1,» = 58s) and methadone (t;,» = 38s) as compared to the other opioid
agonists (Table 1) may suggest that the onset and decline of the pharma-
cological effect is predominantly determined by the presence and retention
of these compounds in the effect site of the receptor. Consistently with their
residence times, both buprenorphine and methadone are shown to have
long half lives in vivo (Grissinger, 2011; Huestis et al., 2013; Krantz et al.,
2005). Half-life of naloxone was shorter than that of buprenorphine. Pre-
vious studies of mechanism-based PKPD modelling of the reversal of

buprenorphine-induced respiratory depression by naloxone revealed a
competitive interaction between buprenorphine and naloxone at pOR. It has
been shown that slow receptor association/dissociation kinetics of bupre-
norphine in vivo, the short half-life of naloxone elimination from the brain
complicate rapid and complete reversal of buprenorphine-induced re-
spiratory depression (Yassen et al., 2007). Although we did not observe
slower association rate for buprenorphine as compared to naloxone, our
data supports that faster dissociation i.e. shorter half-life of naloxone on the
opioid receptors functioning in respiratory depression requires naloxone to
be administered as a continuous infusion for reversal of buprenorphine-in-
duced respiratory depression. Fentanyl exhibits a shorter residence half-life
of t;,, = 8s, and therefore could be more sensitive to the local receptor
concentration such as number of receptors per cell. It could suggest the
effect of ligands like fentanyl could arise from the ability to rapidly come
on/off and excite multiple receptors, although further studies are needed to
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Fig. 4. Temperature dependence of the biosensor binding response for morphine- and naloxone-h-uOR interactions. The black lines represent the biosensor re-
sponses obtained for a concentration series of (a) morphine or (b) naloxone (0.625 to 20 nM) injected in triplicate across a lipid reconstituted h-pOR surface (~2000
RU) at indicated temperatures. The orange lines represent global fits to a simple bimolecular interaction model.

a b
29 21
20
20
X X
< 18 3
£ £
19
16
14 18
0.320 0.325 0.330 0.335 0.340 0.345 0.350 0.320 0.325 0.330 0.335 0.340 0.345 0.350
100/T K 100/T K
c d
40 15 10
10
20 == _ 5
= -5 ¢ o
s T = of
T 0 0 = 8
(&) © ]
~ — o -5
5 X<
20
[ 10 10
40 -15 =9
B AHe W AGe
-TAS® [1 AC,

Fig. 5. Thermodynamic equilibrium analysis of morphine- and naloxone-h-pOR interactions. The van't Hoff plot for binding of morphine (a) and naloxone (b) to h-
UOR determined from temperature-dependent biosensor analysis. Least squares analysis was used to fit data with nonlinear (a) and linear (b) van't Hoff equation.
Thermodynamic profile of morphine (c) and naloxone (d) binding to h-uOR derived from biosensor analysis at 298K. The error bars indicate + SD in the experi-
mental affinity data. Data and uncertainties were obtained from three independent measurements.

confirm this. There was no appreciable difference observed in kinetics of
opioids in non-reconstituted surface, where detergent-solubilized receptor
was directly capture-coupled onto the chip. However, assembling the re-
ceptor within lipid bilayer is advantageous for functional retention of the
receptor and mimicking the native cell membrane environment. It is very
clear that membrane associations play a critical role in retention and
functionality of G proteins (Jastrzebska et al., 2011; Vogler et al., 2008;
Zhang et al., 2004). That said, it is possible to place the 6-His tag to N-
terminal, thereby reorient and uniformly immobilize HOR exposing C-
terminal segment outwards following the reconstitution in lipid bilayer for
direct detection of G-protein opioid agonist-induced activation as shown
previously for rhodopsin (Bieri et al., 1999).

3.3. Relationship between agonist efficacy and binding kinetic rate
constants

Because the kinetic rate constants varied across the tested opioids,
we analyzed whether kinetic rate constants and affinities could be
correlated with potency data. An opioid-induced [**S]GTPyS binding
assay has been used to determine the pharmacological potency of
opioids (Strange, 2010), and in this study we used the ECs, values to
analyze the correlation with kinetic and affinity parameters of opioid-
UOR binding. The average [*°S]IGTPyS binding ECs, values for mor-
phine (6nM = 2nM) (Nikolaev et al.,, 2007), fentanyl
(32.4 £ 2.8nM) (Bento et al., 2014), methadone (9.6 = 1.5nM)
(Blake et al., 1997) and buprenorphine (2.3 * 1.7nM) (Husbands
et al., 1999) were obtained from ChEMBL database (Bento et al., 2014)
and served to define the potencies of the opioids. The pKp values of
opioid agonists did not correlate with pECs, (Pearson's r = 0.06)

(Fig. 3b). In contrast, dissociation rate constant, pk.s correlated well
with pECso (Pearson's r = 0.75) (Fig. 3c). Association rate constant, pk,,
moderately correlated with pECsy (Pearson's r = 0.57) (Fig. 3d). Cor-
relation analyses suggest that kinetic rate constants can be more valu-
able parameters than affinities alone to define the in vivo efficacy of
opioids at pOR. It suggests that the impact of kinetic selectivity of
opioids should be prioritized in defining their therapeutic efficacies for
the HOR. The data are consistent with decreasing ECs, (higher potency)
as the dynamic rates associated with ligand-receptor exchange (kg and
kon) decrease. Data suggest that dynamics may be more relevant and
correlate better with activity than affinity, but more work is needed to
show that conclusively. Although, Pearson's r values are far from zero,
more opioids need to be analyzed to decide whether the linear re-
lationship in the sample data is strong enough to use to model the re-
lationship in the population.

When considering the relationship of biophysical properties of
opioids and their efficacies in drug-target interactions, it is worth
noting that some opioids undergo multiphase metabolism to either in-
active, equally potent, or compounds with weaker or higher affinities
and analgesic activities. For example, oxymorphone has a greater
binding affinity to pOR than parent drug oxycodone, while norox-
ycodone and the reduced metabolites a- and (3-oxycodol have weaker
binding affinities to pOR compared to oxycodone (Lalovic et al., 2006).
Moreover, morphine has a slightly higher affinity for the uOR than its
metabolite Morphine-O6-glucuronide (M6G), whereas M6G shows
higher efficacy at the pOR (Kilpatrick and Smith, 2005). Consistently
with our data it implies that affinities at molecular level may not ne-
cessarily correlate with the potencies of opioids. Evidently, more stu-
dies focused on individual drugs and their metabolites will be needed to
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Fig. 6. Transition state analysis of morphine- and naloxone-h-jiOR interactions. Eyring plots for morphine (a) and naloxone (b) interactions with h-pOR in terms of
koff and ko, determined from biosensor analyses. Least squares analysis was used to fit the data to either linear or nonlinear forms of Eyring equations. The error bars
indicate + SD in the experimental kinetics data. Data and uncertainties were obtained from three independent measurements.

demonstrate that convincingly.

3.4. Thermodynamic equilibrium analysis of morphine and naloxone
binding to the h-uOR

Thermodynamics of opioid-pOR interactions can give insight into
the nature of binding and thereby assist rational drug design. To in-
vestigate the surface-based thermodynamic parameters for the mor-
phine- (Fig. 4a) and naloxone-h-pOR interactions (Fig. 4b), binding
data were collected at 15, 20, 25, 30 and 35 °C on the biosensor. It
should be indicated that there could be potential structural fluctuations
associated with the protein given the variation in temperature. How-
ever, CD results suggest no cooperative unfolding at tested range.

The sensorgrams were well fit to a 1:1 binding model to obtain
temperature-depended affinity and kinetic rate constants. SPR analysis
showed that affinities of both morphine and naloxone for h-uOR de-
creased as temperature was increased. The equilibrium dissociation
constant for binding, Kp, of morphine increased from 1.6 nM to 118 nM
over this temperature range. The changes of K, values of naloxone were
not vivid as in morphine and increased about 3-fold from 2.2nM to
5.8 nM. Temperature-dependent equilibrium constants of morphine-h-
UOR interaction were used to determine the thermodynamic parameters
from a van't Hoff plot of In(Ky/M) vs 1/T. As shown in Fig. 5a, the van't
Hoff plot has a convex shape, suggesting that the heat capacity is not
constant but that the binding is predominantly enthalpy driven at 25 °C.
Fitting the data to the nonlinear van't Hoff equation yielded the fol-
lowing, where the standard values of AH® and AS° are those at

T = 298.15K: AH® = —32 * 0.7 kcal rnol_l, -TAS® =21 *
0.6kcalmol™', and AC,= —28 * 0.7kcalmol 'K™'. AG =
—11 + 0.2kcalmol™? could be determined from AG° = —RT In(K,/

M) using equilibrium association constant at 298.15 K. The changes in
the Gibbs free energy of binding of morphine were consistent with AG°
values obtained in other thermodynamic studies (Fabian et al., 1996; Li

et al., 1998). Values of K4 of naloxone obtained at each temperature
were fitted using linear regression (Fig. 5b), which yielded
AH = —7.5 * 3.4kcalmol ! and -TAS° = 4.05 + 0.17 kcal mol !
(reference T = 298.15K). AG° = —11.5 + 0.17 kcalmol ! for nalox-
one-h-lOR interaction was determined from AG® = —RT In(K,/M) at
298.15K. The negative sign of AH® in both morphine (Fig. 5c) and
naloxone indicated that nature of their binding was exothermic
(Fig. 5d). The magnitude of the change in free energy found in this
study is in good agreement with values reported for a variety of ligand-
GPCR interactions regardless of methodology used.

3.5. Transition state analysis

The values of thermodynamic equilibrium provide limited to no
information on the rate of complex formation. The temperature de-
pendence of on and off rate constants allows analysis of the thermo-
dynamics of the transition state, using Eyring plots (Sharma and First,
2009). Moreover, transition state analysis can provide insights on how
interactions with similar affinities can have different kinetics. Intrinsic
barrier crossing rates are difficult to determine, and herein we choose
the simplest form for the exponential prefactor (kzT/h); the reported
values of AG* and ~TAS" are necessarily dependent on this choice. It can
be seen from the plot of In(kh/kgT) vs 1/T that the dissociation rate
constant is linear in 1/T and slightly dependent on the temperature,
indicating a positive activation enthalpy for both morphine (Fig. 6a)
and naloxone (Fig. 6b) with AH* =21 = 0.6kcalmol™! and
AH* = 2.3 + 0.6 kcal mol ™!, respectively, for the dissociation process.
Linear regression analysis of dissociation data of morphine yielded
—-TAS* = 2.3 + 0.8kcalmol™? and AG'=18 % 0.2kcalmol ™},
whereas for naloxone -TAS* =17.7 = 0.6kcalmol™!  and
AG* =19.9 + 0.01 kcal mol~'. However, in contrast to naloxone, as-
sociation rate data of morphine was nonlinear at higher temperatures,
giving the Eyring plot of In(k,nh/kgT) vs 1/T a convex structure
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(Fig. 6a), which indicates large heat capacity associated with binding.
Fitting the association data of morphine to the nonlinear Eyring equa-
tion yielded the activation parameters for binding AH' =

—11 = 0.2kcalmol ™!, -TAS* = 17 + 0.1kcalmol ™', AC,* = 4.4 =

2.2kcalmol 'K~ ! and AG* =7 + 0.8kcalmol™!. Eyring analysis
using linear regression of temperature-dependent association constants
of naloxone resulted activation parameters of AH' =

—5.3 + 4.4kcalmol ™!, -TAS* = 13.7 + 4.4kcalmol "}, and AG* =

8.9 = 0.17 kcalmol '. Establishment of transition state for these in-
teractions was associated with negative enthalpy contribution to free
energy. This suggests a net increase of bonding energy on formation of
active intermediate. Activation parameters of binding and unbinding
for morphine and naloxone were inline with those obtained for GPCRs
and small molecule interactions using SPR (Deganutti et al., 2017).

4. Conclusion

The N-terminal truncated and C-terminal 6-His tagged detergent-
purified human pOR was hybrid capture-coupled onto the NTA sensor
chip, thereby uniformly orienting ligand-binding pocket outwards.
Surface was then reconstituted in lipid bilayer using lipid/detergent
mixed micelles to mimic the native membrane environment. Opioid
agonists preferentially bound to pOR with comparable Ky, values in a
narrow nanomolar range. Thermodynamic equilibrium affinities were
in near quantitative agreement with previously reported values of K; for
the four ligands studied validating this approach. However, equilibrium
affinities were not correlated with ECs, values indicating that opioids
might not exhibit thermodynamic selectivity. On the other hand, on and
off rates, exhibited a much larger dispersion in their values, and well
correlated with ECsy values, suggesting that opioid agonists demon-
strate kinetic selectivity towards their target. These results suggest that
consideration of kinetic-based structure activity of opioids i.e. on and
off rate constants in drug design and incorporation into PKPD predic-
tions could have more value than thermodynamic equilibrium affinity
constants alone. Thus, the identification of pOR target compounds
based on their kinetic effects is essential.
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