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1 | INTRODUCTION

The high-resolution structures of the opioid receptors have been deter-
mined; however, these structures include only the transmembrane

Abbreviations: CD, circular dichroism; FL, full-length; KcsA, a prokaryotic potassium channel;
MOR, mu opioid receptor; TM, transmembrane; wsMOR, water-soluble variants of the

human MOR.
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Abstract

We have shown that water-soluble variants of the human mu opioid receptor
(wsMOR) containing a reduced number of hydrophobic residues at the lipid-facing
residues of the transmembrane (TM) helices can be expressed in E. coli. In this study,
we tested the consequences of increasing the number of mutations on the surface of
the transmembrane domain on the receptor's aqueous solubility and ligand binding
properties, along with mutation of 11 cysteine residues regardless of their solvent
exposure value and location in the protein. We computationally engineered 10 differ-
ent variants of MOR, and tested four of them for expression in E. coli. We found that
all four variants were successfully expressed and could be purified in high quantities.
The variants have alpha helical structural content similar to that of the native MOR,
and they also display binding affinities for the MOR antagonist (naltrexone) similar to
the wsMOR variants we engineered previously that contained many fewer muta-
tions. Furthermore, for these full-length variants, the helical content remains
unchanged over a wide range of pH values (pH 6 ~ 9). This study demonstrates the
flexibility and robustness of the water-soluble MOR variants with respect to addi-
tional designed mutations in the TM domain and changes in pH, whereupon the pro-
tein's structural integrity and its ligand binding affinity are maintained. These variants
of the full-length MOR with less hydrophobic surface residues and less cysteines can
be obtained in large amounts from expression in E. coli and can serve as novel tools

to investigate structure-function relationships of the receptor.

KEYWORDS
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water-soluble variant

domain.™® For the mu opioid receptor, although high-resolution struc-
tures of the murine receptor are known, the structure of the human mu
opioid receptor (MOR) remains unsolved. Based on the high homology
between the human and the mouse MOR, it is possible to leverage
structural information from the mouse MOR to generate reliable struc-
tures of the human counterpart.®” Such structural models have allowed
us to precisely identify residues that are solvent exposed in the trans-

membrane (TM) domain of the human MOR.®” Replacement of some
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of the hydrophobic amino acid residues enabled us to produce water-
soluble analogs of the TM domain (wsMOR-TM) and of the full-length
(wsMOR-FL) human MOR in large quantities in E. coli.® Our approach
of replacing some of the exterior hydrophobic residues with hydrophilic
ones by computational protein design has allowed us to produce large
guantities of wsMOR in E. coli. This approach greatly facilitates the
study of the interaction of the receptor with various opioid ligands. We
are able to investigate such interactions in aqueous media without
membranes or micelles, and we can study these interactions with novel
protein functionalized electronic sensor systems fabricated with
graphene-enabled technologies.®”*° We recently added the N and C
terminal domains to the wsMOR variant, which had been designed
using only the TM domain. The resulting full length construct, wsMOR-
FL, retains important properties, including receptor expression in E. coli
and binding affinity for opioid ligands.®

It is well accepted that the hydrophobic residues at the surface of
the TM domain, particularly those located in the lipid-facing positions,
contribute to the functional and structural integrity of this membrane
protein by providing favorable interactions with the lipid bilayer. How
the number and identities of these hydrophobic residues affect the
binding capabilities of particular receptors has been less studied. In
this study, we tested the consequences of designed mutations on the
surface of the water-soluble variants, with particular attention to
the expression in E. coli and to the receptor's ligand binding affinity.

2 | MATERIAL AND METHODS

UniProtKB server (P35372) was used to obtain the human MOR
sequence.’® N-terminal modified MORs in HEK293 cells, fluorescent
naltrexone and were obtained from Cisbio (Bedford, MA). All other
compounds or reagents were analytical grade and obtained either
from Sigma-Aldrich (St. Louis, MO) or from the central supply facility

at the University of Pennsylvania.

21 | wsMOR variant engineering and expression

The receptor variants designed in this study include both native N and
C termini. A computational formalism was applied to identify the
amino acid probabilities from a given structure according to our previ-
ously described entropy-based formalism for the transmembrane por-
tion of human MOR (288 residues, comprising amino acids 66-353).7
In contrast to our previous design, additional hydrophobic exposed
residues were selected to be part of the design protocol. The final
number of TM positions open for mutations were 100 out of
288 (~34.7%). This percentage is comparable to previous efforts
related to the design of a water-soluble variant of the bacterial KcsA,
a prokaryotic potassium channel where ~28% of the positions were
mutated,'? but greater than our previous study of wsMORs in which
the percentage of open positions was only ~18.5%. (6) We retained

the key residues forming part of the ligand-binding site of MOR”'*%:

K2355‘40, Y1503‘33, H2996452’ V3026455’ |2986451y M1533.361 Y3287'42,
W295%48  and D149332 (superscripts indicate the Ballesteros-
Weinstein index use for the positions in the TM domain; Nter, ICL2,
and ECL2 are used to denote positions located at the N-terminus,
intracellular loop 2, and extracellular loop 2, respectively). In addition,
11 cysteine residues present in the protein were selected for designed
mutation regardless of their solvent exposure value and location in
the protein, so as to avoid issues with un-expected cysteine oxidation
and disulfide bond formation. We retained residues C142%2° and
C2195°*2 which connect the third transmembrane helix (TM3)
and the second extracellular loop (ECL2) via a conserved disulfide
bridge. Proline residues were excluded from the design calculation
since they are often structurally important in transmembrane proteins.
During the computational design, 10 different structural templates
were utilized, model A to J (Figure 1). For each template, a new
sequence was obtained using the protocol described previously, based
on a sequence entropy-based formalism. The results were 10 newly
designed sequences of the TM domains that were further evaluated
using a modeling process to ensure a robust similarity in structure.

In order to select one sequence from the 10 designed wsMORs,
secondary structure prediction was performed using PORTER, a well-
known server for the prediction of the protein secondary structure

content.*®

No difference of the predicted secondary structure of the
different sequences was found. Next we calculated formation of salt-
bridges based on the following criteria: the distance between any of
the oxygen atoms of the acidic residues, DE, and any of the nitrogen
atoms of the basic residues, KRH, should be less than 3.2 A. Based on
the predicted numbers of salt-bridges formed and the numbers of ion-
izable residues not forming a salt-bridge, we found that the wsMOR-
FL_G has most favorable salt bridges followed by wsMOR-FL_D,
wsMOR-FL_H, and wsMOR-FL_|I, therefore, these four variants were
selected for expression and purification and for binding assays. The
sequence with the most favorable expression yield and better overall
binding affinity was subsequently selected for further characterization
and comparison of the full-length and transmembrane (FL) and the
only-transmembrane domain (TM). These receptors were over-
expressed with N-terminal His-tags in E. coli BL21(DE3) cells
(EMD/Novagen) and then purified using a nickel purification column

as we reported previously.®

2.2 | Naltrexone binding

The affinities of the wsMOR-FLs with naltrexone, an antagonist of
MOR, was determined as previously reported.®® This methodology
uses a homogeneous time-resolved fluorescence based binding assay
with fluorescent labeled naltrexone and Tag-lite mu opioid cells
(Cisbio Bioassays, Bedford, MA) for binding competition purposes to
determine the binding affinity. Affinities were estimated by obtaining
a concentration-response association using the Cheng-Prusoff equa-
tion by GraphPad 8.2.1 (GraphPad Software, San Diego, CA). Three

separate repeats were performed to ensure reproducibility.
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FIGURE 1 The transmembrane domains of the sequences of the 10 computationally engineered water-soluble variants of the human mu
opioid receptors (WwsMORs) aligned together with the native MOR and one of our initially designed wsMOR variants (wsMOR1) to indicate
residues being mutated. The 100 new positions in the transmembrane domain targeted for the computational design are colored orange in the
hMOR sequence, which includes all the positions bearing a cysteine residue except for those forming the highly conserved disulfide bond
between TM3 and ECL2 (C142%2° and C2195°%2, respectively). The 10 new sequences are named as wsMOR-FL_A ~ J, where acidic residues are
colored red, basic residues are colored blue, hydrophobic residues are colored green, and hydrophilic residues are colored magenta. The different
transmembrane helices are indicated in Figure 2. TM, transmembrane domain; FL, full length; MOR, mu opioid receptor; hMOR, native human mu
opioid receptor; ECL, extracellular loop; wsMOR, water soluble mu opioid receptor

2.3 | Structure and stability

Circular dichroism (CD) (Chirascan, Applied Photophysics Limited,
Leatherhead, UK) was used to determine the secondary structure of
wsMOR-FL-G and wsMOR-TM-G with a scanning speed of 1 nm/s
(1 mm path length) as we described previously.®” Signals from the
buffer without wsMOR variants were subtracted as a correction. Each
experiment was repeated at least three times to ensure reproducibil-
ity. CD spectra for wsMOR-FL-G and wsMOR-TM-G at various pHs
and temperatures were measured with 6 pM of wsMOR-FL-G in
buffer containing 5 mM sodium phosphate (pH 7.0), from 10°C to
90°C. GraphPad Prism (version 8.2.1 GraphPad Software, Inc. La Jolla)
was used for data analysis and graph generating purposes.

3 | RESULTS

3.1 | wsMOR-FL, engineering, expression, and
purification

The sequences of the engineered variants of wsMOR are presented in
Figure 1 with comparison to one of the previously engineered vari-
ants.®” The structure similarities of the engineered wsMORs are pres-
ented in Figure 2. The details of the replacement residues in each
cysteine position are presented in Table 1 and their relative positions
are presented in Figure 2. As indicated in Figure 3A, all the selected
sequences were expressed in an E. coli expression system. The yield

of the receptor was ~20 mg/L of flask culture. All of them could be
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FIGURE 2 Lateral views of the 10 structural models of TM
domain of MOR utilized during the computational protein design.
Panels A and B are the rotated images of the 10 models. One
structure is colored in a rainbow fashion (from blue to red) going from
the N-terminus to the C-terminus; the different TM helices are also
indicated (TM1 to TM7). Due to the backbone dependency of the
computational design protocol, each structure generated a different
set of probabilities at each position, which is reflected in the final
designed sequences presented in Figure 1, namely wsMOR-FL_A ~ J.
Panels C and D are the rotated images of the native MOR structure
(4DKL.pdb). The positions targeted during the computational design
are indicated as orange sticks; positions where those bearing a
cysteine residue are depicted as spheres. TM, transmembrane
domain; MOR, mu opioid receptor; wsMOR, water soluble mu opioid
receptor

purified for binding assay purposes with a recovery rate of more than
50% in a milligram scale ranging from 4.5 to 7 mg/mL in a buffer con-
dition of 10 mM sodium phosphate and 0.01% SDS. wsMOR-FL_G
demonstrated much higher yields as compared to the rest of three
variants. The purified wsMOR-FL_G in buffer solution demonstrated
good solubility without visible aggregation, and only one clear visible
band was identified in the SDS-PAGE gel (Figure 3B), suggesting high
purity.

3.2 | Binding assay for the variants of wsMOR-FLs
The binding assay using naltrexone, as a competitive ligand reported
previously, indicated the dissociation constants of naltrexone were
82 nM for sequence wsMOR-FL_D, 89 nM for sequence wsMOR-
FL_G, 165 nM for sequence wsMOR-FL_H, and 107 nM for sequence
wsMOR-FL_|I (Figure 4), which are comparable with those from our

previous variants (either the transmembrane domain or the full-length

TABLE 1 Changes of cysteine residues in each variant of wsMOR

Variants of wsMORs
A B (ot D E F G H 1 J
c81 N K E H H \% Y | | K
C161 T L L R D L K K D R
C172 E H D D D D E D E E
C192 K K K K K E E K K K
C237 E E E D E K K E E E
C253 Q S Q Q | E K Q R N
C294 E E D K K K H K H H
C323 H H Y K K K S K E Y
C332 V D K N K E D E K \Y
C348 S} S T T S S H E E T
C353 E K K E K E K E K K

Note: The positions bearing a cysteine residue in the transmembrane
domain of the native human mu opioid receptor (MOR) sequence are
indicated. The computationally designed water soluble MOR (wsMOR) for
each position in the different 10 sequences (A-J) is indicated.

variant), obtained using the same binding estimation method. How-
ever, both sequences (wsMOR-FL_D and wsMOR-FL_G) demon-
strated slightly higher affinity with naltrexone.

3.3 | Secondary structure and stability of wsMOR-
FL_G and wsMOR-TM_G

Based on the protein yield and binding affinity screening, we found
that wsMOR-FL_G displays the highest protein expression yield and
higher naltrexone affinity; consequently, the system wsMOR-FL_G
was selected for further characterization. The helical secondary struc-
tural content was estimated using circular dichroic spectroscopy over
the range from 205 to 260 nm. Both wsMOR-TM_G and wsMOR-
TM_G demonstrated an alpha-helical protein. Upon changing pH from
6.5 ~ 9.1, there is no significant change in helical content (Figure 5A
for wsMOR-TM_G). With change in temperature, the wsMOR-FL_G
variant remains relatively stable. The transmembrane portion,
wsMOR-TM_G, has a melting temperature around 67°C (Figure 5B).

4 | DISCUSSION

In this study, it is remarkable that despite the extensive mutations
introduced in lipid-facing transmembrane positions of MOR by com-
putational design approaches, the binding affinity capabilities of the
receptor remain relatively unchanged. It is very likely that the careful
selection of the mutated sites may contribute to the retention of the
binding capabilities of the variant investigated here. In addition, muta-
tion of the cysteine residues did not significantly affect the ligand
binding affinity. This study further confirms our previous findings that

the receptor expression is not affected by the inclusion of the native
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FIGURE 3

SDS-PAGE gel of the water-soluble variants of human MOR, wsMOR-FL_D, wsMOR-FL_G, wsMOR-FL_H, and wsMOR-FL_| and

examples of the purified variants, wsMOR-FL_G, and the transmembrane domain. Red dots in the left panel (image A) indicate the desired protein
bands. These receptors were subsequently purified for affinity determination and for further biophysical characterization. Lanes 4 to 6 are for the
sequence of wsMOR-FL_D (DF, from left to right, total cell lysate, soluble proteins, insoluble proteins). Lanes 7 to 9 correspond to the sequence
of wsMOR-FL_G (GF, total, soluble, insoluble). Lanes 10 to 12 correspond to the wsMOR-FL_H system (HF, total, soluble, insoluble). Lanes 13 to
15 are for the sequence of wsMOR-FL_I (IF, total, soluble, insoluble). Lane 16 shows molecular weight markers. Red arrows in image B indicates
examples of the purified wsMOR-FL_G (lane 1) and a transmembrane domain of wsMOR (lane 3). Lane 2 is a blank control and lane 4 shows
makers. FL, full length; MOR, mu opioid receptor; wsMOR, water soluble mu opioid receptor
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FIGURE 4 Competition binding assay between native human
MOR expressed in HEK293 cells and the newly designed water
-soluble variants, wsMOR-FL_H, (H), wsMOR-FL_D (D), wsMOR-FL_|I
(1), and wsMOR-FL_G (G). Data is used to calculate fluorescence
emission ratios, and represent the mean + SE of the mean of
quadruplicates. HTRF signal ratio was calculated as a two-wavelength
signal ratio: [intensity (665 nm)/intensity (620 nm)]. AF is used for the
comparison of different runs of the same assay which reflects the
signal to background of the assay. AF = [(Ratiosample — RatiOpackgroud)/
Ratiopackgroudl(%). AFmax is the largest ratio for the background. MOR,
mu opioid receptor; wsMOR, water soluble mu opioid receptor; FL,
full length; HEK, human embryonic kidney; HTRF, homogeneous time
resolved fluorescence

N and C terminal domains, thus we are able to obtain additional

water-soluble variants of full-length human MOR in large quantities.

41 | Over-expression of full-length variants of
human MOR

We recently reported that engineered full-length human MOR can be
over-expressed in E. coli, and that its overall secondary structure and
ligand binding affinity are similar to that of the native human MOR.2
The addition of native N and C terminal domains to our previously
engineered TM domains of wsMORs did not affect expression or puri-
fication; and this study corroborates those findings. The newly
designed variants had numerous additional mutations on the surface
of the transmembrane domain of the receptor, including replacement
of a number of the cysteine residues. These receptor variants offer
additional tools to study structure-function relationships of the human
MOR in a lipid free system. The structure, function, and the interplay
with the transmembrane domain of the N and C terminal domains are
not clear yet. They may play critical roles in opioid ligand recognition

and signal transduction by interaction with the G-protein and
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FIGURE 5 A, Circular dichroism (CD) spectra for the wsMOR-
FL_G variant. No significant CD spectra changes are seen within the
pH range from 6.5 ~ 9, indicating a stable secondary structure within
the pH tested. However, we observed some secondary structural
features begin to change when the pH is lower than 6.5. B, Mean
residue ellipticity at 222 nm of wsMOR-FL_G. (the buffer composition
is already described in Methods and Materials) as a function of
temperature, from 10 to 90°C. The spectrum of wsMOR-TM_G
showed significant change near 62°C and an almost complete loss in
molar ellipticity at 90°C. The loss of the molar ellipticity is less severe
in the case of the wsMOR-FL_G. TM, transmembrane domain; FL, full
length; MOR, mu opioid receptor; wsMOR, water soluble mu opioid
receptor

beta-arrestin recruitment.**'> These new receptor variants could
potentially help to investigate and dissect the function of the N and C
terminal residues, and how they contribute to the overall protein sta-
bility and the tertiary structure and function of the MOR.

4.2 | The structure and thermostability of the
wsMOR-FL_G

wsMOR-FL_G showed a predominantly helical structure, which is
comparable with that of variants that we reported on previously.®®
This result indicates that extra mutations on the surface of the protein
and replacement of some of the cysteines did not disrupt the basic
tertiary structure of the receptor. The predictions from the computa-
tional design of the protein suggested the possibility of human MOR
to tolerate a larger number of mutations, which we have now demon-
strated experimentally. These findings are consistent with our recent
report that the thermostability of the wsMORs was improved by the
presence of the N and C terminal domains. Changing the residues on

the surface of the protein can change the thermostability of the

receptor, however, adding sucrose could improve the thermostability
significantly as we have demonstrated in the past.” Interestingly, the
wsMOR-FL_G variant remained stable over a wide range of pH values
without changing its secondary structural content. However, in an
acid environment (pH less than 6.5), such stability was slightly
disrupted. The implication of this effect may be relevant for the
in vivo function of the receptor when exposed to acidic environments.
These data are guiding us in performing further computational evalua-
tions of the engineered variants in solution conditions using molecular
dynamic simulations. This is an ongoing project which we will report

on soon.

4.3 | Opioid binding capability

The results clearly indicate that all four of the new wsMOR-FLs have
comparable ligand binding affinity (nM range) as the variants
engineered previously (which all have similar ligand binding affinities
around 70 nM).” Using the various biosensors developed by our group
which include graphene based biosensors and surface plasmon reso-
nance based biosensors, the determined affinities for these designed
variants of wsMORs are close to the affinities for the native MOR in
the lipid environment.*%*¢1” The different results in the affinity deter-
minations are caused by differences in sensitivity, since the biosensors
have high sensitivity and a high signal to noise ratio. The key point
here is that the opioid binding capacity is well-preserved, despite a
massive mutation strategy for the residues on the surface of the pro-
tein, as long as the opioid binding pocket remains intact. These
engineered water soluble MOR variants provide useful tools to further
investigate molecular pharmacological signaling pathways in the
absence of lipid. One example is the interaction of the receptor with
guanine nucleotide-binding proteins, which is ongoing in our research

group.

44 | The implications and applications

As compared to our recently published work on the full-length version
of the wsMOR® there are multiple scientific implication and applica-
tions for this new effort in addition to these we have discussed or
demonstrated in the past.>”?¢17 First of all, in this is proof-of-con-
cept, additional mutations on the surface of lipid-facing hydrophobic
positions to resemble more the sequence identity of globular protein
of the same size, were introduced. We wanted to know if the increase
of mutated position could maintain the receptor's overall structure
and ligand binding capability. In addition to the usefulness of the vari-
ants of water soluble protein that has been discussed by us and
others,?1%1¢18 the availability of minimal cysteine variants offers sev-
eral opportunities for the study of the receptor's structural and func-
tional relationships. Recent studies have used similar approaches to
study the conformational dynamics of the p,AR using NMR and
single-molecule fluorescence spectroscopy.'??? One of the possibili-

ties is to introduce a cysteine at a specific location of the engineered
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minimal cysteine wsMOR to report ligand binding affinity and the
conformational dynamics in real-time. We are currently working on

one variant based on wsMOR-TM-G to explore such possibility.

4.5 | The limitation of the study

The major limitation of this study is that we provide only limited infor-
mation on the tertiary structure of the variants of wsMOR. It is possi-
ble that such massive mutations and removal of cysteine residues
could potentially have caused subtle structure changes that would
have been too small to be detected by the technologies used in this
study. Further characterization of the variants presented in this study
is warranted. More studies are also needed to determine whether the
subtle structural changes that occur under low pH are caused by
introducing more polar residues on the surface of the receptor. It is
important to note that some mutations in the receptor related to
some disease states and changes opioid ligand affinity and/or affinity.
For example, point mutations of S196A**° in murine mu opioid recep-
tor could change the opioid antagonist properties.?> Mutation of resi-
due in the binding pocket will change the receptor's affinity or

interactions with opioid ligand, one of the example is N152%3°

(N150%3% in the mouse MOR) as we demonstrated in the past.?*
N152A%35 (N150A33 in the mouse MOR) point mutation can change
fentanyl affinity significantly.2>?® Mutations in residues such as
D116%%°, D149%32 and H299%>2, alter the ligand binding capacities
of the receptor toward different Iigands.27’28 Also, some mutations,
including $198*%°, have been suggested to modify the receptors'

function by changing its ability to form dimers. Additionally, single

FIGURE 6 The position in salmon and sticks are the residues
forming part of the ligand-binding site of MOR that were retained:
K2355'4°, Y1503'33, H2996.52' V302655 1298651, M1533.36' Y3287'42,
W295%48 and D149332, Residues in cyan and spheres are receptor
loci known to modulate the function of MOR when mutated:
D116%%°, D149332, H299%52, D16634%, N15233%, 5196*4°. Also

naturally occurring single point mutations are indicated in cyan:
L851147, R181C'“2, C192F**®, The structure corresponds to the
murine MOR with the protein data bank accession code 4DKL,
however, the residue numbers correspond to the human MOR. These
are the rotated images for a better presentation purpose

point mutations have been found to modulate the activity of the
receptor, including D166%4° and N15233>. Furthermore, naturally
occurring mutations have been shown to modulate different aspects
of the receptor's functions, including S42TN*", 185147, R181C'°"?,
C192F*4827 Lastly, position N152%35 is critical to modulate the
biased agonism of MOR, that is, the N152A%3> mutation renders
MOR as a p-arrestin-biased receptor.® Figure 6 presents these key
residues for easy understanding purposes. Though this is not the
focus of this study, the designed variant could potentially be used to
investigate whether such specific mutation will change the affinities
or potencies of endorphin in the high resolution molecular level. In
our receptor engineering, we avoided mutating any residues in the
binding pocket based on the best available structural information.
The role of the lipid membrane in providing the physiological milieu
for the receptor proper functions has been also extensively investi-
gated.32%2 Due to the water-soluble character of the variant investi-
gated here, the lack of any lipid membrane eliminates the possible
role that the lipids play in mediating the different functions of the
receptor, including ligand binding (either orthosteric or allosteric) and

dimer formation.3%-33

5 | CONCLUSION

In conclusion, the binding capability of the engineered wsMORs was
not significantly affected by replacing additional hydrophobic residues
with hydrophilic residues on the surface of the transmembrane
domain. Binding capability was also not significantly affected by
replacing a number of the cysteine residues in the receptor deter-
mined by the same methodologies. This indicates that these residues
are not essential for opioid recognition and binding. These newly
engineered full-length variants of wsMOR offer novel tools to further
investigate the molecular pharmacological signaling pathways of MOR
in the absence of lipid. These include such things as the interaction of

the receptor with guanine nucleotide-binding proteins.

ACKNOWLEDGMENTS

The authors appreciate the outstanding technical support from
Qingchen Meng, Ph.D. at the Department of Anesthesiology and Criti-
cal Care at the University of Pennsylvania. J.M.P.-A. would like to
thank the CONACYT network of national laboratories, the Laboratorio
Nacional de Supercémputo del Sureste de México (LNS-BUAP) and
the supercomputer xiuhcoatl at CGSTIC CINVESTAV, for the com-
puter resources and support provided. R.L. (Philadelphia) acknowl-
edges NIH Grant RO1 (1R01GM111421). J.G.S. acknowledges
additional support from the Penn Laboratory for Research on the
Structure of Matter (NSF DMR-1720530) and NSF CHE 1709518.
Peptide modeling and design employed the Extreme Science and Engi-
neering Discovery Environment (XSEDE), which is supported by NSF
grant no. ACI-1053575, under grant No. TG-CHE110041.
R.L. (Knoxville) is supported by the start-up funds from the University

of Tennessee, Knoxville.

85UB01 T SUOLILLIOD AR 3[cfedt dde au Aq pauenob ae il VO ‘85N JO 3N o} Akeiqi 18Ul UO AS]IA LIO (SUONIPUOD-PUE-SWLBIALID" A3 | IM Afe.d] 18U [UO//ScIY) SUORIPUOD PUe SWLB | U1 39S *[202/90/TZ] Uo Aelq)Tauliuo A|IM ‘9[1AX0U ‘sessauue 1 JO AisieAlun Ad 09192 104d/2Z00T OT/I0p/u0o" A 1M ARe.d jpuluoy/Sdiy Wwoly pepeojumoq ‘0T ‘T20Z ‘vETOL60T



PROTEINS WI LEY 1393

X1 ET AL

PEER REVIEW 17. Liu R, Johnson ATC, Saven JG. Water soluble G-protein coupled

The peer review history for this article is available at https://publons. receptor enabled biosensors. Transl Perioper Pain Med. 2019;6(4):

98-103.

com/publon/10.1002/prot.26160. 18. Rawlings AE. Membrane proteins: always an insoluble problem? Bio-

chem Soc Trans. 2016;44(3):790-795.

DATA AVAILABILITY STATEMENT 19. Liu JJ, Horst R, Katritch V, Stevens RC, Wuthrich K. Biased signaling

Original data is available for a reasonable request to the pathways in beta2-adrenergic receptor characterized by 19F-NMR.

corresponding authors Science. 2012;335(6072):1106-1110.

P g ) 20. Gregorio GG, Masureel M, Hilger D, et al. Single-molecule analysis of
ligand efficacy in beta2AR-G-protein activation. Nature. 2017;547

ORCID (7661):68-73.

Rajan Lamichhane ©© https://orcid.org/0000-0003-0089-6452 21. Lamichhane R, Liu JJ, White KL, et al. Biased signaling of the G-pro-

Jeffery G. Saven ® https://orcid.org/0000-0001-5027-7241 tein-coupled receptor beta2AR is governed by conformational

. ] exchange kinetics. Structure. 2020;28(3):371-377. e373.

Renyu Liu ©& https://orcid.org/0000-0001-9335-8981 22. Lamichhane R, Liu JJ, Pljevaljcic G, et al. Single-molecule view of basal

activity and activation mechanisms of the G protein-coupled receptor

REFERENCES beta2AR. Proc Natl Acad Sci U S A. 2015;112(46):14254-14259.

1. Granier S, Manglik A, Kruse AC, et al. Structure of the delta-opioid 23. Portoghese PS, Law PY’ Loh HH. Effect of opioid receptor ligands on
receptor bound to naltrindole. Nature. 2012;485(7398):400-404. the mu-5196A knock-in and mu knockout mouse vas deferens. Eur J
2. Manglik A, Kruse AC, Kobilka TS, et al. Crystal structure of the mu- Pharmacol. 2003:478(2-3y207-210. .
opioid receptor bound to a morphinan antagonist. Nature. 2012;485 24. Cui X, Yeliseev A, Liu R. Ligand interaction, binding site and G protein
(7398):321-326 activation of the mu opioid receptor. Eur J Pharmacol. 2013;702(1-3):
3. Thompson AA, Liu W, Chun E, et al Structure of the 309-315. . . .
nociceptin/orphanin FQ receptor in complex with a peptide mimetic. 25. M?n.sour A TayIO.r L'.D’ Fine JL, et al‘. Key. residues def'nmg.the mu-
Nature. 2012:485(7398):395-399 opioid receptor binding pocket: a site-directed mutagenesis study.
4. Wu H, Wacker D, Mileni M, et al. Structure of the human kappa- JNeuroche?m. 1997;68(‘1?:344_353'
opioid receptor in complex with JDTic. Nature. 2012:485(7398): 26. Subramanian G, Paterlini MG, Portoghese PS, Ferguson DM. Molecu-
327332 lar docking reveals a novel binding site model for fentanyl at the mu-
5. Huang W, Manglik A, Venkatakrishnan AJ, et al. Structural insights opioid receptor. J Med Chem'. 2090;43(3):381'3?1'
into mu-opioid receptor activation. Nature. 2015;524(7565):315-321. 27. Surratt CK, Johnson P.S‘ Mquwakl. A etal. mu opiate recetptor. Cha‘rg‘ed
6. Perez-Aguilar JM, Xi J, Matsunaga F, et al. A computationally transmembrane domain amino acids are critical for agonist recognition
designed water-soluble variant of a G-protein-coupled receptor: the apd intrinsic activity. J Biol C’.'em' 1994;.269(.32):205.48'20553' .
human mu opioid receptor. PLoS One. 2013;8(6):¢66009. 28. LiJ, Huang P, Chen C, de Riel JK, Weinstein H, Liu-Chen LY. Consti-
7. Zhao X, Perez-Aguilar JM, Matsunaga F, et al. Characterization of a tutive activation of the mu opioid rece.ptor. Py mutatlonA .Of P3'49
computationally designed water-soluble human mu-opioid receptor (164), but not D3.32(147): D3.49(164) is critical for stabilization of
variant using available structural information. Anesthesiology. 2014; the inactive form of the receptor and for its expression. Biochemistry.
121(4):866-875. 2001;40(40):12039-12050.
8. XiJ, Xiao J, Perez-Aguilar JM, et al. Characterization of an engineered 29. Rav!ndranathan ’_A’ Joslyn G, Ro‘berFson M, Schuckit MA’ Whistler JL,
water-soluble variant of the full-length human mu opioid receptor. Wl.nfe RL. Functional characterization o.f human variants of the mu-
J Biomol Struct Dyn. 2019:38(14):1-7 opioid receptor gene. Proc Natl Acad Sci U S A. 2009;106(26):10811-
9. Ping J, Vishnubhotla R, Xi J, et al. All-electronic quantification of 10816. o .
neuropeptide-receptor interaction using a bias-free functionalized 30. Ok“_d,e J Ueda T, Koful.<u Y, etal. !dentlﬂcatlon of a conform'aFlonaI
graphene microelectrode. ACS Nano. 2018:12(5):4218-4223 equilibrium that determines the efficacy and functional selectivity of

10. Naylor CH, Kybert NJ, Schneier C, et al. Scalable production of the mu-opioid receptor. Angew Chem Int Ed Engl. 2015;54(52):15771-
molybdenum disulfide based biosensors. ACS Nano. 2016;10(6):6173- 157?6' . . . .

6179. 31. Marino KA, Prada-Gracia D, Provasi D, Filizola M. Impact of lipid com-

11. Jain E, Bairoch A, Duvaud S, et al. Infrastructure for the life sciences: position and receptor conformation on the spatio-temporal organiza-
design and implementation of the UniProt website. BMC Bioinformat- tion of mu-opioid recejptors in a multi-component plasma membrane
ics. 2009:10:19 model. PLoS Comput Biol. 2016;12(12):e1005240.

12. Slovic AI\‘/I, Kono H, Lear JD, Saven JG, DeGrado WF. Computational 32. Zheng H, Pearsall EA, Hurst DP, et al. Palmitoylation and membrane
design of water-soluble analogues of the potassium channel KcsA. cholesterol stabilize mu-opioid receptor homodimerization and G pro-
Proc Nat! Acad Sci U S A. 2004;101(7):1828-1833. tein coupling. BMC Cell Biol. 2012;13:6. .

13. Pollastri G, McLysaght A. Porter: a new, accurate server for protein 33. Bﬁrtum D, Kaczor AAj Matosmk D.'Actlvatlon and allo'sterlc modula-
secondary structure prediction. Bioinformatics. 2005;21(8):1719- tion of human mu opioid receptor in molecular dynamics. J Chem Inf
1720 Model. 2015;55(11):2421-2434.

14. Coleman JL, Ngo T, Smith NJ. The G protein-coupled receptor N-
terminus and receptor signalling: N-tering a new era. Cell Signal.
2017;33:1-9.

15. Koehl A, Hu H, Maeda S, et al. Structure of the mu-opioid receptor-Gi How to cite this article: Xi J, Yang N, Perez-Aguilar JM, et al.
protein complex. Nature. 2018;558(7711):547-552. Novel variants of engineered water soluble mu opioid

16. De-Eknamkul C, Zhang X, Zhao M, et al. MoS2-enabled dual-mode

optoelectronic biosensor using a water soluble variant of p-opioid
receptor for opioid peptide detection. 2D Mater. 2020;7(1):
014004.

receptors with extensive mutations and removal of cysteines.
Proteins. 2021;89(10):1386-1393. https://doi.org/10.1002/
prot.26160

85U0|7 SUOWIWOD 3AIFER1D) 3qedtjdde au Aq peusenoh aJe SapILe YO ‘8sN JO 3N 10} ARiq1T BUIUQ AB|IAA UO (SUORIPUOD-pUe-SLLBY/LIY" A |1 AfeIq1jBU1|UO//SARY) SUORIPUOD pUe SWB | 84} 89S *[7202/90/T2] U0 ARIqITaUIUO AB|IM ‘B]|IAX0UY ‘S8ssauuB | JO A1SBAIUN AQ 09T9Z"104d/200T OT/I0P/Woo" A3 1M AReIq 1[pU1|UO//SANY WOl papeoiumod ‘0T “T20Z ‘YETOL60T


https://publons.com/publon/10.1002/prot.26160
https://publons.com/publon/10.1002/prot.26160
https://orcid.org/0000-0003-0089-6452
https://orcid.org/0000-0003-0089-6452
https://orcid.org/0000-0001-5027-7241
https://orcid.org/0000-0001-5027-7241
https://orcid.org/0000-0001-9335-8981
https://orcid.org/0000-0001-9335-8981
https://doi.org/10.1002/prot.26160
https://doi.org/10.1002/prot.26160

	Novel variants of engineered water soluble mu opioid receptors with extensive mutations and removal of cysteines
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  wsMOR variant engineering and expression
	2.2  Naltrexone binding
	2.3  Structure and stability

	3  RESULTS
	3.1  wsMOR-FL, engineering, expression, and purification
	3.2  Binding assay for the variants of wsMOR-FLs
	3.3  Secondary structure and stability of wsMOR-FL_G and wsMOR-TM_G

	4  DISCUSSION
	4.1  Over-expression of full-length variants of human MOR
	4.2  The structure and thermostability of the wsMOR-FL_G
	4.3  Opioid binding capability
	4.4  The implications and applications
	4.5  The limitation of the study

	5  CONCLUSION
	ACKNOWLEDGMENTS
	  PEER REVIEW
	  DATA AVAILABILITY STATEMENT

	REFERENCES


