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Optimization of HCAR1 and binding partners for cryo-EM studies
LUCAS VON BRÖMSEN
Department of Biology and Biological Engineering
Chalmers University of Technology

Abstract
The G protein-coupled receptor HCAR1 has recently been linked to several different
types of cancer, and silencing of this gene has led to decreased cancer cell growth
and proliferation. In a clinical setting and structure-based drug design, the structure
of this protein would be of immense importance for drug development; no experi-
mental structures of HCAR1 have been determined however. This study aimed to
investigate a novel method, the Nb6 method, that utilizes a nanobody for obtaining
the inactive-state structure of the receptor. In parallel, a conventional experiment
for obtaining the active-state structure of the receptor by using a G protein was per-
formed. The results concluded that there was a major difference in expression and
stability of HCAR1 depending on what host system was used. Additionally, a stable
and pure form of HCAR1 was obtained in large quantities by using the BacMam
system. The nanobody was also purified in large quantities, the purity was how-
ever of questionable quality. Complex formation of HCAR1 and the nanobody was
evaluated but it was determined that optimization of all processes needed further
improvement and no definitive conclusion as to if there was an interaction between
HCAR1 and the nanobody could be deduced. HCAR1 in combination with G pro-
tein for obtaining the active-state structure could not be obtained in a stable form,
though this was likely due to the host system this protein was expressed in. Several
implementations are suggested as to how to improve purification and stability of the
proteins which would result in stable proteins suitable for structural determination
with cryo-EM.

Keywords: HCAR1, GPR81, lactate receptor, Nb6, BacMam, GPCR.
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Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

Cryo-EM Cryogenic Electron Microscopy
GPCR G Protein-coupled Receptor
H2R Histamine receptor 2
HCAR1 Hydroxycarboxylic Acid Receptor 1
HPLC High-performance liquid chromatography
ICL3 Intracellular Loop 3
KOR κ-opioid Receptor
MOR µ-opiod Receptor
Nb6 Nanobody 6
NTSR1 Neurotensin Receptor 1
SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
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1
Introduction

One of the greatest challenges in modern healthcare is cancer. It is the second most
common cause of death after cardiovascular diseases, with about one of every six
deaths in the world being cause by some type of cancer [1]. During the last decade
however, there have been great developments in cancer therapy and reducing the
mortality rate of cancer. For example, total cancer death rate went down from 200.8
to 146.2 deaths per 100 000 population in the United States between 1999 to 2019,
a 27 % decrease in overall cancer mortality rate [2]. There is however a large dis-
crepancy between different types of cancers with some attributing more to reduce
overall cancer mortality rate. Lung cancer and breast cancer, the two most common
types of cancers, have had their death rates reduced from 58.9 to 33.4 and 31.6 to
19.4 per 100 000 population respectively in the United States between 1992 to 2019
[3][4]. Other less common cancer types though, such as liver cancer and pancreatic
cancer, have not seen similar improvements to death rate with death rates increas-
ing from 3.9 to 6.6 and 10.7 to 11.1 per 100 000 population respectively in the US
during the same period [5][6]. The reason for the differences in attempting to im-
prove mortality rate over time may be attributed to several different causes, such
as discrepancies in funding of research, screening efforts, and inherent differences in
symptoms and severity of particular cancer types. The bottom line however is that
cancer still remains a severe issue in society and many additional implementations
and innovations are needed to further decelerate cancer death rate for all types of
cancers regardless if they have seen improvements to death rate or not.

There are various viable options that can be targeted and improved for reducing
cancer mortality rate, such as screening, biomarker testing, surgery, chemotherapy,
targeted therapy etc. [7]. In common for many of these alternatives is that they uti-
lize chemicals, drugs or biomolecules for treating or identifying cancer. The target
for these molecules are often elements that are unique for cancer cells, e.g. specific
genes or proteins involved in cancer growth and proliferation. Hence, when design-
ing these molecules that target cancer cells, structural and functional information
regarding both the drug and the target are of utmost importance and can allevi-
ate efforts to quickly and effectively generate potential cancer treatments through a
structure-based drug design.

One protein that has recently been observed to have a part in various cancer types is
HCAR1. It is a membrane protein that has been found to be upregulated in various
cancers including breast, cervical, colon, pancreatic and lung [8]. Recent studies
have shown the importance of HCAR1 for cancer growth and proliferation, and si-
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1. Introduction

lencing of this gene has led to death of these cancer cells, supporting the potential
for this protein as a possible therapeutic target for several different types of cancers
[9]. The structure for this protein is undiscovered and an experimental structure
would immensely aid in a clinical setting and a structure-based drug design.

1.1 Aims
The aim of the thesis was to attempt to elucidate the inactive-state structure of the
protein HCAR1 using a novel method referenced as the Nb6 method that has been
used for obtaining inactive-state structures of G-protein coupled receptors (GPCRs).
Additionally, it was also an aim to attempt to elucidate the active-state structure of
the protein HCAR1 using a conventional method with a G protein. Lastly, an aim of
the project was to optimize the overall purification process for HCAR1 and related
constructs to ensure proteins were sufficiently stable and present in large quantities
such that they would be suitable for cryogenic electron microscopy (cryo-EM) studies
.
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2
Theory

2.1 G protein-coupled receptors
G protein-coupled receptors, also known as GPCRs, are one of the most important
and clinically relevant protein families. This is signified by the fact that they are
either involved in or are the target of approximately 34% all FDA approved drugs,
while only representing ∼ 4% of all human genes [10]. They constitute a majority
of the membrane proteins and have several different functions. The most prominent
function of GPCRs is to act as a mediator to cellular responses caused by hormones
and neurotransmitters. Therefore a wide variety of GPCRs are needed to be able to
transmit signals for many different molecules. Despite this, GPCRs generally con-
tain conserved motifs and are very similar to each other from a three dimensional
structure point of view [11]. Common for GPCRs is that they all have seven trans-
membrane regions that are α-helical and between these segments are alternating
intracellular or extracellular loops. Because of this, they are sometimes referred to
as 7TM receptors, and the different segments can be communicated as numerical
regions that are shared between all GPCRs, e.g. TM5 or ICL3 to describe the fifth
transmembrane region or the third intracellular loop respectively [12]. GPCRs are
also often classified depending on their structural features and protein sequence, and
can belong to family A, family B, family C, adhesion or Frizzled/Taste 2. Proteins
from the same family are very structurally similar but also functionally akin and
are often activated by related pathways or mechanisms. The greatest differences
between GPCRs are in the loop regions and the ligand-binding site, while trans-
membrane regions are often similar and share conserved features, especially when
belonging to the same subfamily [12].

GPCRs are often thought of as bimodal switches, but can in reality exist in several
different conformations and have complex regulatory pathways. The primary state
of a GPCR is the inactive state. This is the conformation of the GPCR when it is
not bound to any agonist and thus is in a position in which it cannot perform its
intended function to transmit signals through coupling with G proteins. There does
however exist a basal agonist-independent activity where activation of the GPCR
and its G protein can occur without agonist binding [13]. Activation of the GPCR
and its corresponding G protein is though most often obtained by an agonist bind-
ing to the GPCR which changes the conformation of the GPCR, making it able
to couple with a G protein and resulting in a downstream signaling cascade. This
conformation where the GPCR actuates a signal transduction pathway is the active
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2. Theory

state of the GPCR [14]. Similarly to the inactive state which could be activated
without agonist binding, the active state can also be attained through G-protein-
independent pathways in which the G-protein is not necessary for activation [15].
Additionally, it has also been observed that GPCRs can form intermediate state
conformations between the process of inactive state to active state, which can be
stable. Evidence suggests that some GPCRs may have many different conforma-
tional intermediates that can be functionally active, and hence there may be many
different native conformations that can be responsible for a functionally active state
of the GPCR [14][15]. The inactive and active state are thus regulated in various
ways that are still poorly understood with the potential for many functionally active
native conformations as well.

2.2 HCAR1
Hydroxycarboxylic Acid Receptor 1, also known as GPR81 or HCAR1, is a G-protein
coupled receptor belonging to family A of GPCRs [16]. It is the receptor for lactate
in humans and has several different functions. It is upregulated in adipocytes, where
its activation induces the inhibition of lipolysis via G protein dependent activation
[17]. Additionally, recent studies have indicated that HCAR1 is expressed in neu-
rons where it presynaptically downmodulates neuronal activity through activation
of Giα-protein-dependent pathways [18][19]. A very prominent role described for
HCAR1, however, is in various cancers including colon, breast, lung, pancreatic and
cervical, where it is found to be upregulated [8]. Several studies have confirmed that
silencing or down-regulation of HCAR1 leads to decreased tumor cell proliferation,
thus supporting a role of HCAR1 in tumor microenvironment metabolism [9][20].

The endogenous ligand l-lactate is an agonist [21], thus displaying G protein de-
pendent activation within the cells and very few small molecule ligands have been
synthesized for this receptor. To the author’s knowledge, there are currently no in-
activating – and thus downregulating – ligands of HCAR1 that have been reported
in publications. These inactivating ligands would be of major advantage in a clinical
setting, since inactivation of HCAR1 in tumor cells may aid in decreasing tumor cell
proliferation. For efficient development of inactivating ligands, the inactive struc-
ture of HCAR1 would be an essential tool in this endeavour, though the active state
structure is also a major target. There is currently however no experimental struc-
ture of either the active or inactive structure of HCAR1. Only a predicted structure
of HCAR1 has been constructed using AlphaFold version 2.0, which can be observed
in Fig 2.1.
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2. Theory

Figure 2.1: Predicted structure of HCAR1 constructed from AlphaFold version 2.0
[22].

2.3 Structural determination of GPCRs
For structural determination of GPCRs, X-ray crystallography has generally been
the preferred method of choice. The first GPCR was structurally determined in
2000, and up until 2017 all 188 structures of GPCRs that had been deposited in the
Protein Data Bank (PDB) had been obtained using X-ray crystallography [23]. But
in 2017 the first structure of a GPCR using cryogenic electron microscopy (cryo-EM)
for structural determination was attained [24]. This heralded a new era of structural
determination of GPCRs, and rapid advancements in cryo-EM led to a shift with
cryo-EM being the dominant technique. Between Jan-Jul 2021, 99 GPCR structures
were deposited in the PDB and 78% of these were resolved with cryo-EM [26].

The reason that X-ray crystallography was the conventional method up until 2017
was that cryo-EM was simply too unrefined of a technique and did not result in suffi-
ciently high resolutions for the structures. Technical limitations was the impediment
of technique, but advancements in mainly single-particle cryo-EM transformed the
method to a tractable choice for GPCRs [27][28]. Today cryo-EM is more favored
than X-ray crystallography for structural determination of GPCRs and the trend
is only increasing. There are several reasons to why cryo-EM is preferred in this
field. Firstly, sample preparation is much easier for cryo-EM than X-ray crystallog-
raphy. After purification of the protein, X-ray crystallography requires the protein
to be crystallized, a process that takes several days or weeks not accounting for
optimizing crystallization conditions and iteratively improving the construct [25].
In contrast, cryo-EM sample preparation is performed in minutes and additionally
does not require as stable of a construct as in X-ray crystallography [26]. Further-
more, in X-ray crystallography, well-diffracting crystals are required for structural
determination. This often results in heavy engineering efforts including removing
large regions, doing mutations and removing post-translational modifications, all in
an attempt to optimize the crystallization process [29]. This process can take several
years. Cryo-EM in comparison does not have this necessity and can be conducted
on proteins with unstructured regions and large post-translational modifications, all
while requiring less sample as well as being of lower quality and a less homogeneous
sample [26]. Lastly, a significant advantage of cryo-EM over X-ray crystallography
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2. Theory

for structural determination of GPCRs is the ability of cryo-EM to capture con-
formational dynamics. When vitrifying purified proteins on grids in cryo-EM, the
protein retains its conformational landscape and it is possible to obtain important
structural information and dynamics of the receptor from different discrete confor-
mations in the sample originating from the same data set [26]. This is especially
crucial for GPCRs which are characterized by their transient states and large dy-
namic flexibility [30]. It is also possible to analyse or predict continuous movements
and motions of receptors in cryo-EM data sets using novel computational methods
[31]. X-ray crystallography lacks many of these attributes due to the necessity of
crystal formation and consequently lattice contacts potentially imposing structural
or dynamical constraints on the receptor. This results in difficulties studying flexi-
bility and conformational dynamics by X-ray crystallography, even if it is possible
to some extent [32].

There are however some distinct advantages using X-ray crystallography in struc-
ture determination of GPCRs. The greatest advantage is the possibility to obtain
several different structures of the same receptor quickly, which can be valuable in
structure-based drug design [33]. When you have obtained a crystal with the re-
ceptor bound to a ligand and derived a structure from this, it is possible to grow
crystals with the protein bound to different ligands in similar conditions with a high
probability of success. Using molecular replacement, it is feasible to determine mul-
tiple high-resolution structures very quickly [34]. This process may require hours
for X-ray crystallography, while in cryo-EM every structure has to be independently
determined which may take several days or weeks [26]. Another advantage is that
while cryo-EM is preferred for active state structures where the receptor is bound
to G-protein or arrestins, X-ray crystallography currently has a slight advantage for
inactive state structures of GPCRs. One big reason for this is that inactive state
structures are usually too small for cryo-EM and X-ray crystallography may resolve
them better [35]. That may however soon change with the development of a new
technique to determine the structure of inactive state GPCRs with cryo-EM, the
Nb6 method.

2.4 The Nb6 method
Recently, a novel method has been developed for structural determination of GPCRs
in the inactive state by cryo-EM, which will be referred to as the Nb6 method. The
Nb6 method utilizes a camelid single-chain antibody, also known as nanobody [36],
for stabilization of the complex. The nanobody used in this method is known as
Nanobody 6, or Nb6. The purpose of the nanobody is to stabilize the complex but
also to act as a fiducial marker for projection alignment when collecting data [37].
When constructing electron densities map in cryo-EM, many projections from dif-
ferent angles are required to generate a 3D structure [38]. Large masses or electron
densities assist in this aim by having recognizable features. This is also a reason why
cryo-EM is limited by the size of the protein and have difficulties in initial alignment
at low resolutions for low mass proteins [40]. Generally, the solution to this problem
is adding binding partners such as G protein or β-arrestin to obtain a higher mass
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2. Theory

and overcome this issue, but this often results in the active state structure which
may not always be desirable [26]. However, some nanobodies have been observed to
bind rigidly to specific GPCRs and lock the protein in a certain conformation [41].
Despite the small size of nanobodies (∼12 to 15 kDa), some of them have features
that strongly stabilizes the complex and sufficiently recognizable features to make
them suitable fiducial markers [42].

One nanobody that has been observed to have a strong interaction with a specific
GPCR is Nb6. It binds to the κ-opioid receptor (KOR) in the third intracellular
loop, ICL3, of the receptor [42]. A rigid, high-affinity bond is formed that locks
the receptor in an inactive state by creating several hydrogen bonds and potentiat-
ing a TM5-TM6 interaction that stabilizes the inactive state of the receptor. The
way in which Nb6 binds to ICL3 also results in a certain conformation where ICL3
is locked and allosterically blocking G protein-coupling, ensuring that the inactive
state is maintained [42]. What is remarkable though about this interaction is that it
has been observed that even after transferring the Nb6-binding sequence of KOR to
another GPCR, the high-affinity interaction is retained [37]. Since Nb6 is a suitable
fiducial marker that can be used for cryo-EM, this permits structural determination
of a multitude of different GPCRs and can hugely facilitate structural determination
of inactive state GPCRs with this technique. In fact, the same researchers that dis-
covered the interaction, have successfully determined the inactive state structure of
four GPCRs from family A: NTSR1, MOR, H2R and SSTR2 [37]. SSTR2 was addi-
tionally in contrast to the others previously uncharacterized and in the unliganded
(apo) state, and all structures were resolved at a high resolution. For MOR, two
point mutations sufficed to enable Nb6 binding due to a close homology with KOR,
while SSTR2 required changing 15 residues, NTSR1 switching 31 residues and H2R
switching 42 residues with that of the KOR ICL3 region and TM5/TM6 regions [37].
Optimally, as few residues as possible are changed to be certain that the original
structure and function from the receptor you are studying are retained. Depending
on if there is little homology of your receptor with regions of ICL3, TM5 and TM6
of KOR, it may be necessary to change many residues for a stronger interaction to
Nb6. The residues that were changed by the researchers for NTSR1, MOR, H2R
and SSTR2 compared to HCAR1 in this study can be observed in Fig 2.2.
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2. Theory

Figure 2.2: Residues from KOR transferred to the respective protein from NTSR1,
MOR, H2R and SSTR2 (left) [39] compared to HCAR1 (right).

2.5 Baculovirus expression system
For study and structure determination of proteins, large quantities are desirable.
Preferably, production of mammalian proteins, which are often the target in academia
and industry, would be produced naturally in mammalian cells for protein produc-
tion since this ensures proper folding and post-translational modifications. For many
different proteins, mammalian cells are therefore the apparent choice [43]. For GPCR
expression however, mammalian cells have been observed to produce relatively small
quantities [44]. Although there have been some improvements in increasing produc-
tion [45], it is generally much more expensive and time-consuming compared to
some other host systems [44]. Instead, one host system that has been observed to
be especially good at expressing GPCRs while also being able to do most post-
translational modifications required for mammalian proteins are insect cells. These
have been found to be able to produce up to 25-600 times more receptors per cell
compared to naturally producing mammalian cells when using the baculovirus ex-
pression system, a system designed to increase recombinant protein expression [46].
The baculovirus expression system can also be applied to mammalian cells, called
BacMam. However, this method using mammalian cells is not as established as for
insect cells and is also not as attractive since mammalian cells are more expensive
to culture and can generally not grow in as high densities as insect cells, leading to
lower protein production [47]. Thus, the baculovirus expression system using insect
cells is generally preferred globally for heterologous protein production of GPCRs,
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2. Theory

although it is hugely dependent on the specific protein being investigated and there
does not exist a single, general method that is optimal for all proteins.

For expression of GPCRs in insect cells, the baculovirus expression system can
be utilized. This method is dependent on a cloned baculoviral DNA, also known
as bacmid, for proper expression. The principle for this method has been explained
previously [48]. Briefly, a gene of interest for recombinant expression is cloned into a
donor plasmid. The plasmid can then recombine with the parent bacmid to generate
an expression bacmid that contains the gene of interest. This method also operates
by a site-specific transposition of the gene, i.e. a specific sequence of the donor
plasmid that includes your gene will transpose with a region of the parent bacmid
such that it is controlled by a different promoter. This is achieved by a helper plas-
mid which codes for the necessary transposases. This will result in that Escherichia
coli clones that contain the parent bacmid, will gain an antiobiotic marker from the
donor plasmid as well as lose its inherent lacZ marker. Clones containing the desired
expression bacmid can hence easily be selected. The viral DNA can be isolated, and
the bacmid DNA is transfected to insect cells resulting in recombinant virus pro-
duction. The baculovirus can then infect other uninfected insect cells which will
lead to a high frequency of infection and thus a large expression of the introduced
gene will be attained. A flow chart over the whole process is shown in Fig 2.3. The
BacMam system is practically identical, with the exception that the infection step
is performed on mammalian cells instead of insect cells and the bacmid contains a
different promoter for expression [47].

Figure 2.3: Flow chart over the baculovirus expression system. Created with
BioRender.com

9



3
Methods

3.1 Cloning
The human HCAR1 gene and the Nb6 gene were ordered from Eurofins and had
been codon optimized for expression in Sf9 insect cells. The HCAR1 gene contained
a 10x His-tag and a FLAG epitope (DYDKKK) located at the N-terminus, followed
by a HRV 3C protease cleavage site. The C-terminus was truncated and fused to
green fluorescent protein (GFP). The Nb6 binding region of KOR had also been
transferred to the HCAR1 gene with residues R2045.66 to K2166.31 of HCAR1 being
exchanged for K2545.66 to R2706.31 from KOR. The Nb6 gene contained a 6x His-tag
at the C-terminus followed by GFP. Amplification of the genes were performed by
a PCR reaction with Q5 polymerase and the program and primers used are listed
in Appendix A.1 and A.2 for HCAR1 and Nb6 respectively. The pFastBac1 vector
was used for cloning of both genes.

Similarly to the HCAR1 construct described above that was used for the baculovirus
expression system in insect cells, a second HCAR1 construct was generated that was
codon optimized for mammalian cells, specifically HEK293F cells. This construct
would be used in the BacMam system instead of the baculovirus expression sys-
tem for insects and will hereafter be denoted as HCAR1-BacMam while the other
construct will be referred to as simply HCAR1. The other differences for HCAR1-
BacMam compared to HCAR1 apart from codon optimization was that HCAR1-
BacMam had yellow fluorescent protein (YFP) instead of GFP, as well as the muta-
tion D7.49N that had been found to be stabilizing for the inactive state conformation
based on previous results from a colleague (unpublished results). Primers and PCR
program used for this construct are listed in Appendix A.3.

An HCAR1/G-protein construct was also designed for obtaining the active state
structure. The Nb6 binding region of the HCAR1 construct was exchanged for
the native sequence of HCAR1 (optimized for insect cells) using KLD site-directed
mutagenesis for insertion of the original sequence. For the G-protein, the subunits
Gα(i), Gβ and Gγ were expressed to form a complete G-protein. These subunits
contained no tags or fusion partners except Gβ which contained a 6x His-tag at the
N-terminus. Gα was expressed using the pFastBac1 vector while Gβ and Gγ were
co-expressed in the pFastBacDual vector. Primers and PCR program used for this
construct are listed in Appendix A.4.

10



3. Methods

3.2 Expression and purification of HCAR1 and
HCAR1-BacMam

E. coli Top10 cells were transformed by heatshock with the pFastBac1 vector con-
taining the HCAR1 gene and incubated overnight at 37◦C, 190 rpm in 5 ml LB-media
containing 100 µg/ml ampicillin. The plasmid was purified (QIAprep Spin Miniprep
Kit) and then transformed into E. coli DH10Bac cells to generate a bacmid. The
bacmid was purified using an optimized protocol, outlined in Appendix B.1. Puri-
fied bacmid was diluted to 1000 ng/µl and used for transfection of insect cells.

For HCAR1, Sf9 insect cells were transfected at a density of 2.5 millions cells/ml
with 5 µl of the bacmid. Sf-900™ II SFM (ThermoFisher) was used as media and
Expifectamine (ThermoFisher) used as transfection reagent. Transfected cells were
grown for 96 hours (300 rpm, 37◦C), and the media containing the virus was then
used to infect insect cells for a higher expression compared to solely transfection.
For infection, 40 ml of cells were grown, infected at a density of 2 million cells/ml
with a virus amount of 50 µl/ml. 48 hours after infection, cells were centrifuged and
pellets were frozen at -80◦C.

HCAR1-BacMam was transfected with the same procedure described above to gener-
ate virus. This virus was then used to infect HEK293F cells cultivated in FreeStyle™
293 Expression Medium (ThermoFisher). Cells were infected at a density of 2 mil-
lion cells/ml with a virus titer of 80 µl/ml for a total volume of cells of 100 ml. After
24 hours, sodium butyrate was added to a concentration of 10 mM. 72 hours after
infection, cells were centrifuged and pellets were frozen at -80◦C.

For all purifications described hereafter, all following steps and centrifugations were
performed at 4◦C if not specified otherwise. HCAR1 and HCAR1-BacMam were
both purified using the same protocol described here.

25 ml of low salt buffer (10 mM HEPES pH 7.5, 10 mM MgCl2, 20 mM KCl)
was added to the cell pellet along with protease inhibitor. The mixture was homog-
enized by douncing 25 times and was then centrifuged at 50 000 x g for 25 min. The
supernatant was discarded, and 25 ml high salt buffer (10 mM HEPES pH 7.5, 10
mM MgCl2, 20 mM KCl, 1 M NaCl) was added to the pellet along with protease
inhibitor and dounced 25 times. The solution was centrifuged at 50 000 x g for 25
min. The supernatant was discarded, and 10 ml of low salt buffer with protease
inhibitor was added to the pellet and dounced 25 times. 10 ml of solubilization
buffer (50 mM HEPES pH 7.5, 1600 mM NaCl, 10 % glycerol (v/v), 40 µM lactate,
1%/0.2% DDM/CHS) was added to the solution along with protease inhibitor, 1
mg/ml iodoacetamide and 40 µM lactate. The solution was incubated and stirred
for 2.5 hours and was then centrifuged at 50 000 x g for 25 min. The supernatant
was transferred to a Falcon tube and 300 µl slurry of TALON beads were added,
along with 5 mM imidazole. The mixture was incubated overnight and centrifuged
at 700 x g for 5 min. The supernatant was removed, 1 ml of wash 1 buffer (50
mM HEPES pH 7.5, 800 mM NaCl, 10 mM MgCl2, 10 % glycerol (v/v), 10 mM
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imidazole, 8 mM ATP, 40 µM lactate, 1%/0.2% DDM/CHS) was added, incubated
for 20 min and then centrifuged at 700 x g for 3 min. This was then repeated once.
The beads were then washed with 0.5 ml of wash 2 buffer (50 mM HEPES pH 7.5,
800 mM NaCl, 10 % glycerol (v/v), 20 mM imidazole, 40 µM lactate, 0.05%/0.01%
DDM/CHS) and incubated for 20 min then centrifuged at 700 x g for 3 min. This
was repeated once. The suspension was then added to columns and eluted using
gravity flow elution in Micro Bio-Spin™ columns (Bio-Rad). Elution buffer (25 mM
HEPES pH 7.5, 800 mM NaCl, 10 % glycerol (v/v), 220 mM imidazole, 40 µM lac-
tate, 0.01%/0.002% DDM/CHS)) was added to the beads and the sample was eluted
in 100 µl fractions except the first fraction which was 50 µl. The fractions containing
purified receptor was pooled and used for further analysis or complex formation, in
this study up to four fractions were collected since practically all of the sample had
been eluted by this point. The first fraction were omitted in presenting of the results
since essentially no protein would have had the time to be eluted in this fraction.

3.3 Expression of Nb6
Nb6 was transformed using the same method as HCAR1 described above and the
bacmid was isolated using the same protocol. Transfection and infection of the Sf9
cells were performed identically as for HCAR1 with the exception that a virus titer
of 40 µl/ml was used for a volume of cells of 40 ml for infection.

25 ml of low salt buffer was added to the pellet along with protease inhibitor. The
mixture was homogenized by douncing 25 times and was then centrifuged at 4730
rpm for 1 h. A 700 µl slurry of TALON beads was added to the supernatant, along
with 10 mM imidazole. The mixture was incubated overnight and then centrifuged
at 700 x g for 5 min. The supernatant was removed, 1 ml of wash 1 buffer without
detergent, ATP or lactate was added, incubated for 20 min and then centrifuged
at 700 x g for 3 min. This was then repeated once. The beads were then washed
with 0.5 ml of wash 2 buffer without detergent or lactate and incubated for 20 min
then centrifuged at 700 x g for 3 min. This was repeated once. The suspension was
then added to columns and eluted using gravity flow elution. Elution buffer without
detergent or lactate was added to the beads with the same fractionation scheme
eplained before. Fractions containing protein could be used for further analysis or
complex formation, however only one fraction of Nb6 was used in the complex for-
mation due to a too high fluorescence in another fraction to be measured accurately.

3.4 Expression and purification of HCAR1/G pro-
tein complex

HCAR1 that had the Nb6 binding region substituted for the original sequence was
transformed and the bacmid isolated as previously described. This was also the
case for Gα, Gβ and Gγ. The only difference was that Gβ and Gγ were co-expressed
in the pFastBacDual vector, though this had no impact on the method used. Ad-
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ditionally, a bacmid containing the antibody ScFv16 which is a GPCR/G-protein
complex-stabilizing antibody was generated. Transfection for all of these constructs
was performed identically as above and they were transfected separately. For in-
fection, the different constructs were co-infected at titers of 50 µl/ml for all viruses
except the Gα virus which was infected with a titer of 100 µl/ml. A total volume of
cells of 60 ml was used for infection.

Purification of HCAR1/G-protein complex was performed as following. 20 ml of
low salt buffer was added to the pellet along with protease inhibitor. The mixture
was homogenized by douncing 25 times and after this 50 µM lactate and 25 mU/ml
apyrase was added to the mixture. The mixture was incubated at room tempera-
ture for 1.5 hours with gentle stirring. 20 ml solubilization buffer was added to the
mixture and was then incubated for 2.5 hours at 4◦C. All purification steps after
this was performed identically as described for HCAR1 and HCAR1-BacMam.

3.5 Complex formation of HCAR1-BacMam and
Nb6

The second fraction of purified Nb6 was added to the pooled fractions of HCAR1-
BacMam at a molar ratio of 2:1. The mixture was incubated overnight (∼16 h) at
4◦C. To evaluate if there had been a complex formation, a high-performance liquid
chromatography (HPLC) analysis was performed. However, it was not certain that
even if an interaction was formed it would be distinguishable on a chromatogram
alone due to the small size of Nb6. Therefore an additional purification step was
performed on the complex and was then evaluated on a Western blot (WB) to as-
certain if there was an interaction. HCAR1-BacMam contains a FLAG-tag while
Nb6 does not, hence if a FLAG purification is performed on the complex and both
HCAR1-BacMam and Nb6 is thereafter observed on a Western blot, it indicates
that there is an interaction between the two proteins. Theoretically, only a His-WB
needs to be performed since both HCAR1-BacMam and Nb6 contain His-tags, but
HCAR1-BacMam has in our experiments been found to give very weak signals on
His-WB and therefore an anti-FLAG-WB was also performed.

All steps for this FLAG purification process were performed at 4◦C. The com-
plex was added to 100 µl of FLAG resin supplemented with 10 mM CaCl2. The
mixture was incubated for 1 hour and then centrifuged at 700 x g for 3 min. The su-
pernatant was removed, 1 ml of wash 1 buffer without ATP or imidazole and instead
10 mM CaCl2 was added, incubated for 20 min and then centrifuged at 700 x g for
3 min. This was then repeated twice. The suspension was then added to columns
and eluted using gravity flow elution. Elution buffer with imidazole swapped for
FLAG-peptide at a concentration of 100 µg/ml was added to the resin and eluted
with the same fractionation scheme explained before.
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3.6 HPLC, SDS-PAGE and Western blot analysis
All HPLC analyses in this study were of the type size-exclusion chromatography
(SEC). The column used in HPLC was an AdvanceBio SEC 300A column (Agi-
lent) and the buffer used was SEC buffer (50 mM HEPES pH 7.5, 150 mM NaCl,
0.05%/0.01% DDM/CHS).

For the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot protocols, see Appendix B.2 and B.3.
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Results

4.1 HCAR1 compared to HCAR1-BacMam
Both HCAR1 in insect cells and HCAR1 in mammalian cells were tested to eval-
uate if one host system was better for expressing HCAR1 and a better choice to
obtain large quantities. In Fig 4.1, chromatograms for both systems are compared.
HCAR1-BacMam used a 2.5x larger volume of cells but they are otherwise directly
comparable. It could be observed that HCAR1-BacMam worked significantly better
in regard to intensity, peak shape (symmetrical and monodsiperse peak, indicative
of a homogenous protein) and expected retention time. Furthermore, a small peak
is observed in Fig 4.1 (a) which is likely a product from proteolytic cleavage of the
HCAR1 construct containing GFP, and hence an impurity. HCAR1-BacMam was
therefore used for complex formation. Highest intensity fractions are shown in Fig
4.1, all fractions are shown in Appendix C.1.

((a)) ((b))

Figure 4.1: Comparison of highest intensity fraction for (a) HCAR1 (Max. in-
tensity: 19 mV) (b) HCAR1-BacMam (Max. intensity: 671 mV).

4.2 HCAR1-BacMam, Nb6 and complex HPLC
data

The chromatograms for HCAR1-BacMam with the control can be observed in Fig
4.2. The control has an expected peak shape and retetion time (expected retention
time of ∼7.5 min) indicating the purification protocol was successful seen from Fig
4.2 (a). For all samples purified using this protocol, the first fraction is excluded
since the fraction volume was smaller than the column volume and hence practically
no protein will be able to be eluted in this fraction. This was confirmed by the
chromatograms of the first fraction as well (unpublished data). For the second to

15



4. Results

fourth fraction of HCAR1-BacMam, a sharp peak was observed at 7.5 min (Fig 4.2
(b)-(d)). Usually only the few fractions after the first contain protein and then a
sharp drop in intensity is observed due to all protein being eluted. This behaviour
was also observed here with fraction 2 containing much protein, fraction 3 some
protein and fraction 4 basically none. Hence only fractions containing high amounts
of protein, in this case fraction 2 & 3, were pooled and either used for Western blot
analysis or complex formation.

(a)

(b)

(c)

(d)

Figure 4.2: Chromatograms of the control and HCAR1-BacMam fractions. (a)
Control (Max. intensity: 115 mV). (b) Fraction 2 of HCAR1-BacMam (Max. in-
tensity: 671 mV). (c) Fraction 3 of HCAR1-BacMam (Max. intensity: 423 mV).
(d) Fraction 4 of HCAR1-BacMam (Max. intensity: 51 mV).
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The chromatograms for Nb6 are shown in Fig 4.3. Because Nb6 is a soluble protein
and not a GPCR and this was the first time a nanobody construct was expressed
in our lab, a control was not prepared alongside the Nb6 sample. The protocol
was however modified to be optimized for soluble proteins and the results indicate
that the purification was successful. Observing Fig 4.3, the same behaviour as for
HCAR1-BacMam can be noted with the first two fractions containing much protein
and a sharp drop in intensity seen from the fourth fraction and onward. The peak
for the Nb6 sample was located at ∼9.5 min. This is approximately where we expect
the nanobody to elute due to its small size. Additionally, it can be noted that the
intensity was extremely high for the nanobody as seen in Fig 4.3 (a)-(b). In the third
fraction the intensity was too high to be measured accurately by the fluorescence
detector. Therefore Nb6 was not pooled and only the second fraction was used for
analysis and complex formation.

(a)

(b)

Figure 4.3: Chromatograms of the Nb6 fractions. (a) Fraction 2 of Nb6 (Max.
intensity: 6800 mV). (b) Fraction 3 of Nb6 (Max. intensity: 7840 mV).
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(c)

Figure 4.3: Chromatograms of the Nb6 fractions. (c) Fraction 4 of Nb6 (Max.
intensity: 35 mV).

HCAR1-BacMam and Nb6 were incubated together and an HPLC analysis was
performed on the potential complex. The chromatogram data for this is shown in Fig
4.4. Nb6 was in abundance as seen by Fig 4.4 (a). A zoomed in picture of the peak
where we expect the complex to be eluted near is shown in Fig 4.4 (b). From this,
it can be observed that the peak does not appear to be shifted and has a retention
time of ∼7.5 min, the same as HCAR1-BacMam. This indicates an interaction
between HCAR1-BacMam and Nb6 has not occurred. However, it is possible an
interaction between the two proteins has developed and it is not distinguishable on
a chromatogram alone. Additionally, the shape of the peak is slightly different from
the peak for HCAR1-BacMam with a not as sharp peak and a blunt beginning of the
peak, suggesting the presence of a larger species than HCAR1-BacMam alone (e.g.
complex formation or aggregate of HCAR1-BacMam). To ascertain if an interaction
had formed, a series of gels and Western blots were progressively done to confirm
whether an interaction was attained and also to verify that HCAR1-BacMam and
Nb6 were expressed correctly.
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(a)

(b)

Figure 4.4: Chromatograms of the potential complex. (a) Complex. (b) Zoomed
in image of expected complex peak (Max. intensity: 42 mV).

An HPLC analysis was also performed after the FLAG purification since this step
was essential to ensure if there was an interaction. The chromatograms showed
no clear result though with no appreciable quantities of HCAR1-BacMam or the
presumed complex and no clear conclusion could be drawn, see Appendix C.3 for
chromatograms.

4.3 Western blots or SDS-PAGE of HCAR1-BacMam,
Nb6 and complex

An anti-FLAG Western blot for HCAR1-BacMam can be observed in Fig 4.5.
HCAR1-BacMam is observed to have a clear band at the same size as the control
protein A2A, a previously purified protein approximately the same size of HCAR1.
This indicates that HCAR1-BacMam was successfully purified. The presumed com-
plex is also shown in the image as a control and comparison to HCAR1-BacMam
alone.
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Figure 4.5: Anti-FLAG Western blot. 1 is a reference protein ladder, 2 is A2A (a
control protein approximately the same size of HCAR1), 3 is HCAR1-BacMam and
4 is the presumed complex.

An SDS-PAGE was performed on Nb6, shown in Fig 4.6. A2A is faintly seen in
lane 2, while two clear bands are detected in lane 3; one at ∼30 kDA and one at
∼40 kDa. The band at 40 kDa is likely Nb6 followed by GFP (Nb6 - 13 kDa, GFP
- 27 kDa). For the other band however it could either be pure GFP that has been
cleaved or a dimer of Nb6. An additional step was performed in which a His-WB
was stained to visually detect if both bands contained a His-tag. From Fig 4.6 (b), it
is observed that both bands contain a his-tag. However, since the His-tag is located
at the C-terminus for Nb6, it is possible that the band is either a dimer of Nb6 or
GFP with a His-tag as a result of cellular proteolysis leaving GFP with the His-tag.
No clear conclusion could be made from these results.
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((a)) ((b))

Figure 4.6: (a) SDS-PAGE. 1 is a reference protein ladder, 2 is A2A and 3 is
Nb6. (b) Stained His-WB of Nb6.

Two Western blots were also performed on the presumed complex after the FLAG
purification since this was essential to verify if there was an interaction between
HCAR1-BacMam and Nb6. No clear result was obtained though due to low presence
of the proteins which could not be detected on either of the Western blots, as seen
in Fig 4.7. Unfortunately the control for the His-WB was poor and had degraded,
however the WB was done correctly and this is evident by that this analysis was
done on the same gel as the HCAR1/G protein sample, see Appendix C.4 for full
image.
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((a)) ((b))

Figure 4.7: (a) Anti-FLAG Western blot. 1 is a reference protein ladder, 2 is a
control and 3 is the presumed complex after the FLAG purification. (b) His Western
blot. 1 is a reference protein ladder, 2 is a control and 3 is the presumed complex
after the FLAG purification.

4.4 HCAR1/G protein data of HPLC and West-
ern blot

A chromatogram of the second fraction of HCAR1/G protein is shown in Fig 4.8.
Fraction 3 and 4 are shown in Appendix C.2.
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Figure 4.8: Chromatogram of fraction 2 of HCAR1/G protein.

It can be noted that the intensity of the peak is very low. The retention time is
however shifted toward the left, indicating the presence of a larger complex. This
could be the HCAR1/G protein complex, though it is more likely it is aggregate or
an incorrectly expressed form of HCAR1 due to the large similarity with HCAR1
as previously shown in Fig 4.1 (a). To establish the origin of the observed shift
in retention time, two Western blots were performed on the potential HCAR1/G
protein complex. An anti-FLAG-WB to detect the presence of HCAR1 and a His-
WB to assess if Gβ is expressed in large quantities. This is shown in Fig 4.9.

((a)) ((b))

Figure 4.9: (a) Anti-FLAG-WB. 1 is a reference protein ladder, 2 is a control, 3
is HCAR1 and 4 is HCAR1/G protein. (b) His-WB. 1 is a reference protein ladder,
2 is a control, 3 is HCAR1 and 4 is HCAR1/G protein.
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In the anti-FLAG-WB, the HCAR1 protein in the potential HCAR1/G protein
complex could be observed, however the intensity was very faint, consistent with the
low intensity from the chromatogram. The subunit Gβ could however be observed
in the His-WB (Fig 4.9 (b)), indicating the presence of this subunit and a potential
G protein. The control could not be observed in the His-WB, though this is likely
due to a poor control that was used. To ascertain that the other subunits were also
correctly expressed, an SDS-PAGE was performed to evaluate if they were expressed.

Figure 4.10: SDS-PAGE of HCAR1/G protein.

Observing Fig 4.10, a strong band was observed at ∼40 kDa, probably corresponding
to Gα (40 kDa) and Gβ (38.5 kDa). A band could also be observed at ∼10 kDa,
where we expect Gγ (8 kDa) to be, even if it is difficult to distinguish. This suggests
the subunits of the G protein were completely expressed and hence the G protein
was also likely expressed in a fully functional form.
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Discussion

HCAR1 could be expressed in both insect cells and mammalian cells. It could
however be noted that HCAR1 expressed in insect cells were significantly inferior
compared to expression in a human, mammalian cell line in this study in terms of
quantity and expected retention time, corresponding to stability. The reason for
this is still not known. It may be due to innate differences between insect cells and
mammalian cells, such as the membrane composition or presence of other molecules
that may interact with HCAR1 and affect its stability and expression, or due to
some post-translational modification unavailable for insect cells. Because GPCRs
generally are highly expressed in insect cells as well, this indicates that the issue is
HCAR1-specific, and more research is required to understand the underlying cause.
Additional studies are also required to validate that the BacMam system is more
suited for HCAR1 expression and may be a more tractable choice for high-protein
expression and functional and structural studies of this protein.

HCAR1-BacMam was highly expressed and had a retention time equal to the ex-
pected, indicating HCAR1-BacMam was in a native and stable form in large quan-
tities. The anti-FLAG-WB in Fig 4.5 also confirmed that this was the case. Ex-
pression of HCAR1-BacMam suitable for complex formation and structural deter-
mination was hence obtained.

Nb6 was observed to have an extremely high fluorescence intensity seen in Fig
4.3. The retention time was expected given the small size of Nb6, however the
beginning of the peak was very sharp and vertical, and small peaks were present
after the initial one. This could indicate that there may be a different species of
Nb6, an impurity or something similar. An SDS-PAGE was done to see if Nb6 was
pure. A band of ∼40 kDa was seen, very likely Nb6 followed by GFP which was
the desired construct. A smaller band of ∼30 kDa was however also obtained and
is likely the reason behind the sharp incline in the chromatogram. A His-WB that
was stained for visual detection was performed to evaluate the origin of this band.
It was believed to either be free GFP or a dimer of Nb6. The band was observed
to still remain on the His-WB. It could therefore be a dimer of Nb6 that contains
the His-tag. However, since the His-tag was located on the C-terminus of the Nb6
gene, it is also possible that this is GFP containing the His-tag which would lead
to a similar molecular weight of ∼30 kDa. The existence of this band is likely due
to a site near the C-terminus of Nb6 that is susceptible to proteolytic cleavage, but
based from the analyses made no conclusion of what this is could be made and a
different analysis such as mass spectrometry would be required to determine this.
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Pure HCAR1-BacMam and Nb6 were combined in an attempt to form a complex
that could be structurally determined. Both HCAR1-BacMam and Nb6 are observed
in Fig 4.4, however no discernible shift in retention time for HCAR1-BacMam was
observed that was expected if an interaction had formed. Furthermore, the inten-
sity of the peak near 7.5 min was surprisingly low based on the high intensity of
HCAR1-BacMam alone. It is possible that some of HCAR1-BacMam could have
degraded or the stability of the protein could have been affected. The shape of
the peak was relatively blunt as well, and some of the protein may have formed
aggregate or possibly a complex with Nb6 since it is possible that this interaction
would not be distinguishable on the chromatogram. Thus, a FLAG purifiation had
to be performed to remove excess Nb6, and if Nb6 was still observed on a His-WB
after purification, it would indicate that there was an interaction. However, neither
HCAR1-BacMam or Nb6 was seen on Western blots (Fig 4.7). Although this is
likely due to the fact that the total protein quantity was too low to be detected.
Practically no HCAR1-BacMam was present after the FLAG purification (Appendix
C.3), and hence even if there was an interaction between HCAR1-BacMam and Nb6
it would not be seen. Therefore, these steps have to be optimized to guarantee
that there is sufficient material for after complex formation and FLAG purification
to be able to definitively conclude if there is an interaction between the two proteins.

Processes requiring additional optimization to definitively reach a conclusion on
a potential interaction is: Nb6 purification, complex formation and FLAG purifi-
cation of the complex. Regarding Nb6 purification, it is desirable to eliminate the
existence of the second band present on the His-WB. Potential solutions for this
could be increased concentration of protease inhibitor or change the construct de-
sign with a His-tag at the N-terminus. Nb6 was also in this study produced in Sf9
insect cells while it was in previous studies expressed in bacteria, potentially affect-
ing purity or stability [37]. Concerning complex formation, it was surprising that
the intensity of the peak near 7.5 min in Fig 4.4 had dropped notably. The reason
as to why is still unclear, though optimization of this could include a different incu-
bation time, incubating with a more purified form of Nb6 as well as concentrating
HCAR1-BacMam before complex formation to attain more material. Lastly, the
FLAG purification for HCAR1-BacMam may need to be further optimized since
most optimization of purification processes in this project concerned the initial His
purification for HCAR1-BacMam and Nb6. Possible modifications could be to use
more resin or to optimize the addition of CaCl2 in the different steps, though it is
probable that if the other suggestions previously described are implemented it would
positively affect the FLAG purification of the complex and lead to higher quantities
as a natural consequence.

The HCAR1/G protein complex method in this study is in contrast to the Nb6
method a conventional method that has been ubiquitously applied to a multitude
of different GPCRs. It was therefore more likely that this approach would lead to a
higher chance of determining the structure of HCAR1, in this case the active-state
structure. This aim was though not achieved and still requires substantial opti-

26



5. Discussion

mization and development in this study to reach. From Fig 4.8 and Fig 4.9, it was
observed that HCAR1/G protein had a low intensity in the chromatogram and was
barely seen on the WB. Notably though, HCAR1/G protein had a very similar shape
and retention time as HCAR1 that was expressed in insect cells. Since HCAR1/G
protein was also expressed in insect cells, it is therefore highly plausible that the low
intensity is due to the fact this was expressed in insect cells that were previously
concluded to not be optimal for expression of HCAR1 constructs. There is however a
shift in retention time to an earlier timepoint in the chromatogram which is expected
if there would be an interaction with the G protein, though it is likely due to an
unstable form of HCAR1 or aggregate. The subunits of the G protein were however
correctly expressed most likely. Gβ is observed in Fig 4.9 and the other subunits
can be seen on the SDS-PAGE in Fig 4.10 and have thus likely formed a complete G
protein. If this construct was designed and optimized for expression in mammalian
cells using the BacMam system, it is likely it could be structurally determined af-
ter some optimization and lead to the first resolved active-state structure of HCAR1.

Lastly, an important point is also regarding the screening process for the Nb6
method. The fundamental principle of the method is based upon the interaction
between Nb6 and the transferred region from KOR that recognizes the nanobody.
It is impossible to know beforehand if there will be an interaction of Nb6 with your
engineered construct. Therefore, the same researchers that developed this method si-
multaneously developed a bioluminescence resonance energy transfer (BRET)-based
sensor that can screen if there is an interaction with your modified GPCR and Nb6
[37]. This allows for an efficient and rapid screening where many different con-
structs can be screened simultaneously to evaluate if there is a strong interaction.
Conversely, in this study, only one construct was evaluated that was derived from
homology based modeling and on the predicted structure of HCAR1, which may not
even be accurate. A BRET-based sensor or some other technique that can measure
binding affinity (e.g. Monolith) is ideally used for efficient screening of constructs.
Though this requires a stable and pure form of the nanobody and receptor, of which
optimized protocols adapted to our lab and equipment have not been constructed.
Therefore focus was on optimizing these constructs to obtain stable forms in large
quantities before optimizing the screening procedure which would be a large and
time-consuming project in itself.

Ultimately, the procedures were not sufficiently optimized to generate a pure and
stable complex that could be structurally determined. Further research and effort in
this study are needed to ensure sufficiently stable and pure proteins, however, some
suggested solutions are outlined in this report. Should this be implemented, there is
a high possibility that a first resolved structure of HCAR1 could be obtained, most
likely an active-state structure of HCAR1. The Nb6 method has been demonstrated
to be a quick and effective method to obtain inactive-state structure of GPCRs,
though it is still a new method and needs to be further investigated and developed
for a wide-spread implementation in research. No conclusion on the applicability
of the Nb6 method for HCAR1 could be made in this study due to issues in the
purification process.
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6
Conclusion

The aim of the project was to elucidate either the active-state structure or inactive-
state structure of HCAR1, as well as optimize the purification process for HCAR1
and related constructs. The first aim regarding resolving a structure of HCAR1 could
not be obtained in this project, however, clear suggestions on implementations how
to reach this have been presented in the discussion. The aim regarding optimization
of the purification process was partly successful where for example a clear result
on optimal host system production as well as a favorable purification protocol for
HCAR1 is demonstrated. Some constructs such as Nb6 though requires additional
optimization before it would be suitable for complex formation of HCAR1 and cryo-
EM studies. Altogether, there is still considerable work of optimization left before
a resolved structure is feasible, it is however within reach and clear propositions on
how to attain this have been presented.
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A
Appendix - primers

In this appendix, primers and PCR programs for the different constructs are listed.

A.1 Primers and PCR program for HCAR1
The primers used was for amplifying the HCAR1 gene.

• Forward primer: 5’-TACCGCATGCTATAACGGTAGCTGCTG-3’
• Reverse primer: 5’-TCGTGTCGACCACCGGTCGTTGG-3’

PCR program:
1. Heat lid to 110◦C
2. 98◦C for 30 sec.
3. 35x cycle

98◦C for 10 sec.
60 − 72◦C gradient for 30 sec.
72◦C for 3 min 30 sec.

4. 72◦C for 5 min.
5. Store at 8◦C.

A.2 Primers and PCR program for Nb6
The primers used was for amplifying the Nb6 gene.

• Forward primer: 5’-GATCGGATCCATGGCCCAGGTGCAA-3’
• Reverse primer: 5’-ACCTGTCGACCGCTTCCGGCTC-3’

PCR program:
1. Heat lid to 110◦C
2. 98◦C for 30 sec.
3. 35x cycle

98◦C for 10 sec.
55 − 65◦C gradient for 30 sec.
72◦C for 20 sec.

4. 72◦C for 5 min.
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5. Store at 8◦C.

A.3 Primers and PCR program for HCAR1-BacMam
The primers used was for site-directed mutagenesis of a modified HCAR1 template
using a KLD reaction.

• Forward primer: 5’-CCGGGAGAAGGACAGAAACCTG-
AGAAAAGCCACACGCTTCATC-3’

• Reverse primer: 5’-CTGCCGCTCAGCAGTCTCACGCTC-
TTCAGTGACCACACTATCTTAAAG-3’

PCR program:
1. Heat lid to 110◦C
2. 98◦C for 30 sec.
3. 35x cycle

98◦C for 10 sec.
60 − 72◦C gradient for 30 sec.
72◦C for 3 min 30 sec.

4. 72◦C for 5 min.
5. Store at 8◦C.

A.4 Primers and PCR program for HCAR1/G-
protein

The primers used was for site-directed mutagenesis of a modified HCAR1 template
using a KLD reaction.

• Forward primer: 5’-TCGTCAGGCTCGTATGAAGAAGGCAACCAGATTTATTATG-
3’

• Reverse primer: 5’-GCCAGCTGCTGACGACGACGCAAACTCCAAACTATCTTAAAAC-
3’

PCR program:
1. Heat lid to 110◦C
2. 98◦C for 30 sec.
3. 35x cycle

98◦C for 10 sec.
60 − 72◦C gradient for 30 sec.
72◦C for 3 min 30 sec.

4. 72◦C for 5 min.
5. Store at 8◦C.
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Appendix - protocol

B.1 Bacmid purification protocol
Day 1 - Bacmid generation

1. Thaw DH10BAC cells on ice and transfer to 14 ml round-bottomed tubes.
2. Add 200 ng of plasmid to each tube.
3. Incubate on ice for 20 min.
4. Heatshock at 42◦C for 45 sec.
5. Place back on ice for 2 min.
6. Add 150 µl of SOC medium to each tube.
7. Shake for 4 hrs at 37◦C.
8. Plate 10 µl on triple antibiotic plates (with IPTG and Bluo-Gal).
9. Incubate at 37◦C for 48 hours.

Day 3 - Inoculation from plates

1. From a single colony confirmed to have a white phenotype on plates, inocu-
late a liquid culture (LB medium) containing 50 µg/ml kanamycin, 7 µg/ml
gentamicin and 10 µg/ml tetracycline. Grow at 37◦C overnight.

Day 4 - Bacmid purification

1. Spin cells at 3700 rpm, 10 min, 4◦C. Discard supernatant.
2. Add 300 µl of P1 buffer to each tube, vortex and move to Eppendorf tubes.
3. Add 300 µl of P2 buffer to each tube, invert and incubate at room temperature.
4. Add 300 µl of P3 buffer and invert until clear. Incubate on ice for 5-7 min.
5. Spin at max speed, room temperature, 10 min, leading to a big white pellet.
6. Transfer 800 µl supernatant to an Eppendorf tube.
7. Add 700 µl of 100% isopropanol.
8. Invert and incubate on ice for 5 min.
9. Spin for 15 min at max speed and room temperature. Discard supernatant.
10. Add 500 µl of 70% EtOH and invert until pellet is loose.
11. Spin 5 min at max speed and room temperature.
12. Aspirate off EtOH with vacuum suction.
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13. Leave tubes open to dry for 10-15 min.
14. Add 60 µl MQ water to tubes carefully. Store at 4◦C.

B.2 Western blot protocol
Western blot transfer was done according to the manufacturer’s instruction (Bio-
Rad).

ANTI-FLAG-WB
1. Transfer protein to the PVDF membrane.
2. Incubate the membrane in blocking buffer for 1 hr.
3. Wash the membrane 3x times with PBS/TWEEN (5 minutes each time).
4. Incubate the membrane with primary antibody - Monoclonal ANTI-FLAG®

M2-Alkaline Phosphatase (Sigma-Aldrich) - 1:1000 in blocking buffer for 1 hr.
5. After incubating the membrane in primary antibody, wash 3x times with PB-

S/TWEEN (5 minutes each time).
6. Treat the membrane with Substrate, SIGMAFAST BCIPÓ/NBT tablet. Add

10 ml of water and vortex until dissolved.
7. Incubate the membrane in substrate mixture for 10-30 minutes until color

development.

His-WB
1. Transfer protein to a LF PVDF membrane.
2. Incubate the membrane in blocking buffer for 1 hr.
3. Wash the membrane 3x times with PBS/TWEEN (5 minutes each time).
4. Incubate the membrane with primary antibody - Penta-His Tag Monoclonal

Antibody (ThermoFisher) - 1:1000 in blocking buffer for 1 hr.
5. After incubating the membrane in primary antibody, wash 3x times with PB-

S/TWEEN (5 minutes each time).
6. Incubate the membrane with secondary antibody - Goat anti-Mouse IgG An-

tibody, Alexa Fluor™ 700 (ThermoFisher) - 1:1000 in blocking buffer for 1
hr.

7. Wash the membrane 3x times with PBS/TWEEN (5 minutes each time).
8. Image the membrane with a fluorescence imaging system.
9. (Optional) Add 0.1% w/v Ponceau S in 5% v/v acetic acid for visual detection

of proteins.

B.3 SDS-PAGE protocol
NuPAGE™ 4 to 12%, Bis-Tris (ThermoFisher) gels were prepared according to the
manufacturer’s instruction. The gel was run at 225 V for 35 min. The gel was
washed in SimplyBlue™ SafeStain (ThermoFisher) for 20 min, then washed twice
for 20 min each time with MQ water.
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Appendix - results

C.1 HCAR1 chromatograms

(a)

(b)

(c)

(d)

Figure C.1: Chromatograms of the control and HCAR1 fractions. (a) Control.
(b) Fraction 2 of HCAR1. (c) Fraction 3 HCAR1. (d) Fraction 4 of HCAR1.
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C.2 HCAR1/G protein chromatograms

(a)

(b)

(c)

(d)

Figure C.2: Chromatograms of the control and HCAR1/G protein fractions. (a)
Control. (b) Fraction 2 of HCAR1/G protein. (c) Fraction 3 HCAR1/G protein.
(d) Fraction 4 of HCAR1/G protein.
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C.3 Chromatograms of FLAG purified complex

(a)

(b)

Figure C.3: Chromatograms of FLAG purified complex. (a) Fraction 2 of FLAG
purified complex. (b) Fraction 3 of FLAG purified complex.
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C.4 His-WB of HCAR/G protein and complex

Figure C.4: Full image of His-WB. 1 is a reference protein ladder, 2 is a control,
3 is the complex after the FLAG purification, 4 is HCAR1/G protein, 5 is HCAR1,
6 is a control and 7 is a reference protein ladder.
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