Characterization of an engineered water-soluble variant of the full-length human mu opioid receptor
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Abstract

Background: A water-soluble variant of the transmembrane domain of the human mu opioid receptor (wsMOR-TM) was
previously characterized. This study explored whether the full-length version of the engineered water-soluble receptor,
(WwsMOR-FL), could be overexpressed in E. coli and if it would retain water solubility, binding capability and
thermostability.

Methods: wsMOR was over-expressed and purified in E. coli BL21(DE3) cells (EMD/Novagen) as we reported
previously for the wsMOR-TM. Both native N and C termini were added back to the highly engineered wsMOR-TM. Six
His-tag was added in the N terminus for purification purposes. The wsMOR-FL was characterized using atomic force
microscope for its monomeric state, circular dichroism for its secondary structure and thermostability. Its binding with
naltrexone is also determined.

Results: Compared to the native human MOR, wsMOR-FL displays similar helical secondary structure content and
comparable affinity (nM) for the antagonist naltrexone. The secondary structure of the receptor remains stable within a
wide range of pH (6-9). In contrast to the transmembrane portion, the secondary structure of full-length receptor tolerated
a wide range of temperature (10-90 °C). The receptor remains predominantly as a monomer in solution, as directly imaged
using atomic force microscopy.

Conclusion: This study demonstrated that functional full-length water-soluble variant of human mu receptor can be over-
expressed and purified using an E. coli over-expression system. This provides a novel tool for the investigation of
structural and functional properties of the human MOR. It appears that the N- and C-termini of the protein may play an
important role in strengthening the thermostability of the protein in this specific variant.



Introduction

Although the transmembrane domains (TM) of the opioid receptors having been crystallized and high-resolution
structures are available,[1,2,3,4,5] structures of the full-length receptors remain elusive. For these structural studies,
receptors were engineered with a stabilizer domain attached to the receptor for the purpose of crystallization. The over-
expression of the human mu opioid receptor (MOR) in E. coli has been very challenging. In an attempt to massively
reproduce functional human MOR, we successfully engineered a water-soluble variant of the TM of MOR (wsMOR-TM).
[6] This was accomplished by mutating lipid-contacting surface residues on the TM, so as to resemble those expected in a
globular protein of similar size; this variant sequence was subsequently expressed in large quantities in E. coli. This
water-soluble receptor variant has comparable molecular features to the human native MOR.[6] Moreover, we were also
able to characterize opioid and wsMOR-TM interactions in a lipid and label-free system.[7,8]

While the orthosteric binding site of the opioid receptors for opioid ligands is located in the core of the TM helical bundle,
the role of both N- and C-termini in the receptor’s function cannot be overlooked. These termini play critical roles in the
molecular and pharmacological function of the receptor as well. For instance, variations in the N-terminus might affect the
analgesic effects of heroin.[9] Furthermore, both the extracellular N-terminus and the intracellular C-terminus play critical
roles in ligand interaction, G protein binding and activation, phosphorylation, and subsequent signal transduction.[10,11]
Research has dominantly focused on the TM domain of the protein due to the relatively simple topology of the system
without considering the effects of the flexible N- and C-termini. Yet, it is clear that in order to have a complete
characterization, not only the function of the extracellular N-terminus and intracellular C-terminus need to be fully
uncovered but also how their interaction with the TM domain modulates the receptor’s function. Hence, even though the
resolution of the crystal structure of the TM segment of the mouse MOR has provides important insights into the function
of the TM domain,[2,5,12] the role of the N- and C-termini needs to be investigated vigorously to have an integral
mechanistic understanding of MOR. Moreover, even though the mouse MOR TM structure has provided significant
information regarding the receptor, no human MOR structure is available yet.[2,5,12]

Thus, as a first step toward performing structure-function relationship studies in human MOR, it is critical to develop a
protocol for the robust over-expression of the full-length receptor. In this study, we are proposing an alternative system
that may be used as a surrogate for the native human MOR, which fulfills some of the requirements needed to reach this
goal. We obtained a water-soluble variant of the full-length human mu receptor (wsMOR-FL) from an E. coli over-
expression system. We compared the thermostability of the wsMOR-FL with its TM-only version, and thus demonstrated
the role of N and C termini on receptor thermostability.



Material and Methods

The human MOR sequence was retrieved from the UniProtKB server (P07550).[13] All required reagents, ligand, and
native MORs expressed in HEK293 cells for affinity determination were purchased from Cisbio Bioassays (Bedford,
MA). All other chemicals were reagent grade or higher and obtained from Sigma-Aldrich (St. Louis, MO, USA).

Expression and purification of wsMOR-FL. The receptor was over-expressed and purified in . coli BL21(DE3) cells
(EMD/Novagen) as we reported previously for the TM water-soluble version, wsMOR-TM. [6] However, both native N
and C termini were added back to the highly engineered receptor for the comparison of the sequences. The alignment of
the sequence is presented as Table 1.

Table 1. Sequences of the full length native (MOR) and water-soluble mu opioid receptor (wsMOR)

MOR MGHHHHHHSSGLVPRGSHMDSSAAPTNASNCTDALAYSSCSPAPSPGSWVNLSHLDGNLS
wsMOR MGHHHHHHSSGLVPRGSHMDSSAAPTNASNCTDALAYSSCSPAPSPGSWVNLSHLDGNLS

MOR DPCGPNRTDLGGRDSLCPPTGSPSMITAITIMALYSIVCVVGLFGNFLVMYVIVRYTKMK
wsMOR DPCGPNRTDLGGRDSLCPPTGSPSMITAIKIHEEYKKVCEEGKKGNKLVMEVIVRYTKMK

MOR TATNIYIFNLALADALATSTLPFQSVNYLMGTWPFGTILCKIVISIDYYNMFTSIFTLCT
wsMOR TATNIYIFNLAKADALAESTLPFQSVNKLMGTWPFGTILCKKVISIDYYNMFTSIFTLCT

MOR MSVDRYIAVCHPVKALDFRTPRNAKIINVCNWILSSAIGLPVMFMATTKYRQGSIDCTLT
wsMOR MSVDRYIAVCHPVKALDFRTPRNAKEENEKNWKLSSEIGKPVEKKATTKYRQGSIDCTLT

MOR FSHPTWYWENLLKICVFIFAFIMPVLIITVCYGLMILRLKSVRMLSGSKEKDRNLRRITR
wsMOR FSHPTWYWEDKLKDEVFKKAFEEPVKKIKECYGLMILRLKSVRMLSGSKEKDRNLRRITR

MOR MVLVVVAVFIVCWTPIHIYVIIKALVTIPETTFQTVSWHFCIALGYTNSCLNPVLYAFLD
WwsMOR MVLVVVEVFIKCWTEIHKYVKEGKLVTIPETTFQTVSWHECIAKGYKNSCENPKLYEELD

MOR ENFKRCFREFCIPTSSNIEQONSTRIRQNTRDHPSTANTVDRTNHQLENLEAETAPLP
wsMOR ENFKRCFREFCIPTSSNIEQONSTRIRQNTRDHPSTANTVDRTNHQLENLEAETAPLP

N- and C-termini are highlighted in yellow. Letters in red highlight mutated residues in the wsMOR.
Green highlights the restriction sites.

No significant modifications of the method were performed except for adding and N- and C-termini to the sequence
(highlighted in yellow in Table 1). A six His-tag was added in the N terminus for purification purposes. The modification
of the residues and the structure comparison is presented in Figure 1.



Figure 1. Structure comparison of the water-
soluble mu opioid receptor (wsMOR). A) The
structure model of the native opioid receptor
(modeled from 4DKL); B) The engineered wsMOR
structure. Residues are colored by amino acid types:
hydrophilic in green (GNQSTY); hydrophobic in
white (ACFILMPVW); basic in blue (HKR); and
acidic in red (DE). C) and D) Superposition of the
mouse mu opioid receptor (yellow from 4KDL) and
the wsMOR-TM model (blue). Residues targeted for
mutation are those having solvent exposure more
than 40% based on calculated estimation. The
probabilities of the amino acids at each of the
targeted positions are determined by maximizing an
effective entropy function described previously from
our group and others [14]. The details of the
wsMOR design and modeling process have
appeared previously [6].

Monomeric states from atomic force microscopy (AFM). We used tapping mode AFM to determine the proportion of
monomer and polymers of the wsMOR-FL particles in solution conditions (MFP-3D, Asylum Research, CA) as we
described previously. [6,15]AFM is considered a reliable method to investigate protein polymers.[16,17] Solutions
containing wsMOR-FL in 20 mM sodium phosphate with 130 mM sodium chloride and 5 mM 2-mercaptoethanol at a pH
of 7.0 were incubated for 1 hour on the surface. The surface was washed for 3 min twice with deionized water to remove
loosely bound or free protein molecules.

Secondary structure and stability. The secondary structure content was determined using Circular dichroism (CD)
(Chirascan, AppliedPhotophysics Limited, Leatherhead, UK). The scan speed was set as 1 nm/s (1 mm path length).
Corresponding buffer blanks without receptor were used to subtract the signal from raw data to ensure proper calibration
for each assay. At least three sets of experiments were performed to ensure reproducibility and reduce the signal to noise
ratio. The helical content of the wsMOR-FL was determined using a spectra deconvolution software.[18]. CD spectroscopy
at various temperatures from 10 °C to 90 °C in increments of 2 °C per min were recorded using 6 pM of wsMOR-FL in
buffer containing 5 mM sodium phosphate with a pH of 7.0. The temperature-dependent thermostability was analyzed
using GraphPad 8.1.2 (GraphPad Software, Inc. La Jolla).

Affinity determination. The affinity of the wsMOR-FL with naltrexone, an antagonist of wild-type MOR, was
determined using the same method as we have reported previously.[6] Native MOR on HEK293 cells was used to
compete with wsMOR-FL for fluorescent naltrexone (naltrexone that contains the d2 dye as a fluorescent reporter), to
establish the competition efficacy as a means to estimate the affinity. The fluorescence emission was detected after
excitation at 337 nm at both 620 and 665 nm emission. Affinity for the wsMOR-FL was estimated by obtaining a dose—
response curve using the GraphPad 8.1.2. Three separate repeats were obtained to ensure reproducibility.

Statistical Analysis: Data are presented as mean + SD. Non-paired t-test was used to compare the potential difference
between affinities. P less than 0.05 is considered statistically significant.



Results

Overexpression and purification of wsMOR-FL.

Consistent with what has been reported, we were unable to express the native full-length human MOR in E. coli despite
using same codons used for wsMOR-FL. wsMOR-FL was, however, successfully expressed and purified with high yield.
It can be isolated with high purity by affinity chromatography (Fig 1B).[6] To purify wsMOR-FL, we use ~0.1% sodium
dodecyl sulfate (SDS), to initiate the purification process as we did in the case of the TM-only version of the wsMOR.
The purified wsMOR-FL was clear in solution at ~6 mg/mL in 130 mM NaCl, 20 mM NaHPOy, pH=7.0, after multiple
dialyses to remove as much SDS as possible. This is comparable to what we observe with wsMOR-TM, which we have
reported previously. AFM results indicate that the wsMOR-FL remains predominantly as a monomeric entity in this
solution as shown in Figure 2.
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Figure 2. Purification and characterization of receptor. A) A SDS-PAGE gel for wsMOR-FL is shown where lane 1

correspond to the standard, lane 2 to expressed wsMOR-FL in the crude material, and lane 3 to purified wsMOR-FL. The band
corresponding to the wsMOR-FL is indicated by a red arrow at appropriate molecular weight. B) Tapping mode Atomic Force
Microscopy (AFM) image of mu receptor protein on Si/SiO2 substrate. An example of a monomer, dimer and protein aggregate
are indicated. Monomer-sized features represent approximately 80% of surface features. Z scale is 8 nm. C) Histogram of height of
surface features. Monomers are most prevalent, and the Gaussian fit estimates the size of an individual protein monomer as 2.55
nm =+ 0.13 nm.
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Figure 3. Circular dichroism (CD) spectra of the full-length water-soluble human mu opioid receptor (wsMOR-
FL). A: CD spectra comparison between wsMOR-FL and its transmembrane domain only (wsMOR-TM). B: No
significant CD spectra changes within the pH range from 6~9, indicating stable secondary structure within the pH
tested.

Structure and stability of wsMOR-FL. The CD spectra indicated that the receptor contains a helical content of 37.6%
(estimations over the range 205 to 260 nm), similar to that of the native full-length MOR (40.6%). A clear difference in
the CD spectra between that for wsMOR-TM and wsMOR-FL is noted (Fig 3A), but each is consistent with helical
structure. No significant helical content change was observed with a wide pH range from 6 to 9, indicating stable
secondary structure within the pH tested (Fig 3B). While the wsMOR gradually lost ellipticity with the increase of the
temperature, wsMOR-FL remains relatively stable within the temperatures evaluated, indicating a significant
improvement in thermostability (Fig 4). High concentration (8M) of urea failed to totally unfold the protein. Adding 2-
mercaptoethanol in the presence of a high concentration (X M) of urea resulted in loss of ellipticity at 222 nm, consistent
with unfolding of the receptor and indicating that disulfide bonds contributed to the stability of the receptor.
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wsMOR-FL binding assay. As shown in Figure 5, the ratio of fluorescence emission decreased with incremental
concentrations of wsMOR-FL. The K; of wsMOR-FL were 64 = 9 nM for naltrexone similar to that for its TM version,
wsSMOR-TM (67 + 3 nM, p=0.16 from a non-paired ¢ test, Fig 5). No significant fluorescence emission changes were
observed with the addition of human serum albumin, a soluble protein with a similar helical structure served as a negative
control.
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Figure 5. Binding competition assay between the human p opioid receptor (MOR) expressed in HEK293 cells and the MOR
water-soluble variants (wsMOR-FL and wsMOR-TM). Inhibition of the native MOR constitutive signal in the presence of
increasing concentrations of wsMOR-FL (blue dots) in sodium phosphate buffer. The Transmembrane portion of the receptor
(WwsMOR-TM) was used as a positive control (red square). HSA (human serum albumin, inverted black triangles), a water-soluble
helical protein, was used as a negative control. Data is used to calculate fluorescence emission ratios, and represent the mean +
standard error of mean of quadruplicates. At least three separate experiments are performed to calculate the affinities.




Discussion

In this study, we have successfully demonstrated that a water-soluble version of the full-length MOR (wsMOR-FL) can be
obtained from the E. coli heterologous expression system in large (mg) quantities. Also, the inclusion of the extracellular
N-terminus and the intracellular C-terminus not only increases the thermodynamic stability of the system, relative to the
TM-only water-soluble variant (wsMOR-TM), but also maintains the integrity of the structure over a wide range of pH.[6]
Production of the wsMOR-FL. To express the human mu opioid receptor in E. coli in an inclusion body has been
reported.[19] Production of large amounts of native full-length human MOR without a fusion partner in E. coli has been
difficult, the potential toxicity of the native MOR to the bacteria expression system has been discussed.[6,19,20] Some
hydrophobic residues (especially those on the exterior surface) of the receptor in the TM domain might be key factors
preventing E. coli from expressing the receptor. We observed that attempting to express the native receptor stops the
growth of the bacteria and consequently, prevents the production of the protein. This is unlikely a codon issue since the
same codon was used for the native and wsMOR, but other expression strategies could be employed. Reducing the
number of hydrophobic residues on the exterior surface of the receptor successfully allowed the over-expression of the
receptor in this hererologous expression system for large production purposes. Our previous efforts to generate a water-
soluble variant of MOR was focused on the TM domain as part of efforts to increase the solubility as well as to evaluate
its ligand affinity capabilities. From this study, it is clear that adding the entire N- and C-termini did not prevent protein
expression, indicating that both termini are not a limiting factor to over-express human MOR in E. coli. In other words,
we suggest that the native sequence of the N- and C-termini are not the limiting factors affecting the capability to produce
large quantities of human native MOR in the bacteria over-expression system. The ability to express and purify large
amounts of full-length human MOR from E. coli should offer an alternative tool to study structure-function relationships
for the receptor in a lipid-free environment. The presence of the extracellular N-terminus and intracellular C-terminus may
play critical roles in the molecular and pharmacological function of the protein, especially for the activation of G protein-
dependent and G protein-independent signaling pathways. The structure of both termini is unknown, and their function in
the G protein-coupled receptors is still unclear, especially for the case of the N terminus.[10] This study provides a novel
tool to investigate the structure of the receptor in aqueous solution and to explore in detail the contributions of N- and C-
termini to structural stability, protein folding, and function of the receptor.

The structure and thermostability of wsMOR-FL. The CD spectra of the wsMOR-FL demonstrated a predominantly
helical structure (37.6%), which is comparable with that for the native full-length MOR expressed in yeast (40.6%).
[21,22] Clear differences for the CD spectra between both water-soluble variants, wsMOR-FL. and wsMOR-TM, is
observed; this is caused solely by the addition of the N- and C-termini.[6] However, it is unclear from this experiment
whether the incorporation of the N- and C-termini affected the overall tertiary structure of the receptor. Yet, the N- and C-
termini play a critical role in the thermostability of the receptor, since thermostability of wsMOR-FL is much greater than
that of wsMOR-TM. Since both termini were included, it is unclear at this point which terminus plays a more dominant
role, or if both N- and C-termini are needed to improve the receptor’s thermostability. Future studies could be performed
by expressing variants containing only the extracellular N-terminus or only the intracellular C-terminus to compare
stabilities, structure and binding affinities. Intrinsic disulfide bonds in the human MOR play an important role in the
stability of the protein and ligand binding capability. Two cysteine residues forming a conserved disulfide bond between
TM3 and the extracellular loop 2, are highly conserved among G protein-coupled receptors, including human MOR. This
might affect the conformation of the membrane-spanning domains and ligand binding selectivity.[23] This study confirms
that the disulfide bond contributes significantly to the stability of the receptor, since a complete protein unfolding was
only achieved with a reducing agent in the presence of a high concentration of urea. While sucrose could be used to
stabilize the protein as we demonstrated previously, the intrinsic stability of the protein is critical for its overall structure
and function in solution conditions. [15]

Ligand binding for wsMOR-FL. The results clearly indicate that wsMOR-FL has ligand binding affinities in the
nanomolar range, which are comparable to those in the TM-only version (wsMOR-TM). This indicates that the N- and C-
termini do not contribute significantly to the ligand affinity in this highly isotropic system lacking the lipid environment.
Future efforts should focus on whether such highly engineered receptors maintain G protein activation properties in the
absence of lipid bilayers.

In conclusion, wsMOR-FL was successfully over-expressed and purified from an E. coli protein over-expression system.
The inclusion of the native N- and C-termini to the wsMOR did not affect the capability to express the protein nor the
binding properties of the water-soluble receptor since they remained similar to that of wsMOR-TM. Yet, by addition the
two termini, the thermostability of the receptor was significantly improved. This indicates that the N- and C-termini play a
critical role in enhancing the thermostability of the receptor. This wsMOR-FL provides a unique tool to investigate the
opioid interactions with the full-length receptor without the need of the lipid environment. Further studies are clearly
warranted.
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