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Abstract 

 

 

Abstract 

 

Temporal and spatial dynamics within macromolecular signaling complexes 

encode for the specificity of cellular signal transduction. The information flow emanates 

from activated G-protein coupled receptors (GPCRs) in the cell membrane and is 

propagated through intracellular and compartmentalized effector cascades. Central 

signaling molecules of these pathways are organized through scaffolding proteins. 

Extracellular signals such as hormones, neurotransmitters, growth factors and 

chemokines activate GPCRs. The consequences are conformational changes of the 

receptor initiating the activation of associated G-proteins and additional effectors [1, 2]. 

To ensure correct signal transduction a high degree of regulation of the signal 

threshold, amplitude, and duration is obligatory. Spatiotemporal signal transmission is 

controlled through signaling scaffolds like the A-kinase anchoring proteins (AKAPs). 

This AKAP mediated compartmentalization of kinase activities ensures substrate 

specificity. Perturbations of molecular interactions at different intersections of these 

highly coordinated protein networks may contribute to the etiology and progression of 

several types of diseases [3-8].   

 

Understanding the physical connections within molecular interaction networks is 

a key to understand physiological and pathological signal transmission. Using a 

proteomic and phospho-proteomic approach we initially generated a PKA 

protein:protein interaction network. We selected a functional connection of PKA with an 

orphan GPCR pathway for further analyses. Actually we were able to show that the 

orphan GPCR Gpr161 contains the structural features to function as selective high-

affinity AKAP for PKA regulatory subunits type I (RI). Investigation of the interaction 

between PKA:Gpr161 unveiled that Gpr161 is also a PKA substrate. Both, Gpr161 

binding to PKA and PKA mediated phosphorylation of Gpr161 seems to be involved to 

antagonize the Sonic Hedgehog signaling pathway [3]. By solving the structure of the 

macromolecular protein complex Gpr161:PKA using Cryo-EM we hope to gain a more 

comprehensive understanding of kinase:GPCR interaction. It would be the first 

structural acquisition how AKAP-binding organizes the PKA holoenzyme in the context 

of GPCR signaling.  
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1. Theoretic background 

 

1.1. Receptor mediated signal transmission 

 

Scaffolding proteins play a crucial role in signaling ensuring correct signal 

transduction. Cell signaling is initiated at the cell surface where ligands bind membrane 

spanning receptors. With so far over 800 identified members in the human genome the 

largest class of receptors are the G protein-coupled receptors (GPCRs). Upon 

receiving extracellular input signals GPCR connect to diverse intracellular signaling 

cascades. GPCRs transduce and amplify the converted information mostly to the cell 

nucleus [1, 5, 9, 10]. GPCRs located at the cell membrane are easy accessible and 

therefore they have become targets for drug discovery [11]. Ligand binding events like 

phosphorylation, dimerization and protein recruitment to the cell membrane are linked 

to the receptor activation. In this context scaffolding proteins act as flexible organizing 

centers to mediate this intracellular fine-tuned signal propagation. Two examples of 

such scaffolding proteins are beta-arrestin and A-kinase anchoring proteins (AKAP) 

which interact with GPCRs and recruit downstream effector molecules from the 

cytoplasm to the cell membrane. AKAPs organize macromolecular protein complexes 

which involve GTPases, kinases and phosphatases. Their highly regulated interplay 

control signal propagation spatially and temporally [4, 11-19]. 

 

1.2. PKA mediated signal transduction 

 

Kinases are central player of signal transmission. The prototypical kinase for 

this enzyme family with in total 518 members is the protein kinase A (PKA) [4, 6, 20-

22]. The PKA is a tetrameric protein (holoenzyme) consisting of two regulatory (RI α/β 

and RII α/β) and two catalytic (PKAc) subunits. cAMP binds to the R subunit in order to 

activate PKA (figure 1). The PKA subunits show different expression patterns and are 

functionally non-redundant. AKAPs bind to the regulatory subunits to target the PKA to 

distinct cell compartments. All AKAPs share a structure motive, an amphipathic helix, 

to bind R subunits with micro- or nano-molar affinities [23, 24]. Differences in the 
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configuration of the amphipathic helix determines if AKAPs are able to bind RI, RII or 

both subunits [25]. 

 

Figure 1: PKA holoenzyme. The PKA forms a tetrameric protein consisting of two regulatory 

(R) and two catalytic subunits (PKAc). PKA activation is mediated via cAMP binding to the R 

subunit thereby releasing PKAc subunits.  

 

Many human diseases including carcinogenesis, degenerative disease, cancer 

or hormone resistance can be linked to PKA deregulations. Dysfunctions can be 

caused by perturbed protein:protein interactions (PPI) and alterations in the 

compartmentalization. Mutations in critical segments of the subunits are involved in 

binding or changing the catalytic activity of the PKA [26-36]. In order to treat the 

disease it is critical to understand the molecular basis of spatiotemporal signal 

propagation. It is necessary to know the interaction partners of the PKA and get a 

comprehensive picture on how the interaction is formed.  
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1.3. Previous observations in the lab 

 

In previous work of our lab we were interested to gain a broader understanding 

of PKA signaling by deciphering of macromolecular protein networks. Following affinity 

purification of endogenous PKA complexes we performed MS/MS analyses to identify 

potential interaction partners of the kinase. Among these proteins we identified the 

orphan GPCR Gpr161 to be PKA associated. The sequence analysis of the Gpr161 

showed both, a putative PKA binding site and a putative PKA phosphorylation site. 

These sites were located in the cytoplasmic c-terminus of the Gpr161. By focusing our 

studies on these sites we were able to show that Gpr161 directly binds to PKA. The 

binding site forms an amphipathic helix which is characteristic for AKAPs (figure 2). 

We showed that Gpr161 binds with high affinity in the range of 6 nM specifically the RI 

subunit. Additional we showed that compartmentalized PKA activities enhance 

phosphorylation of Gpr161 [3].  

 

 

Figure 2: Binding interface of Gpr161:PKA. The binding interface of Gpr161 in complex with 

PKA was shown using bioinformatics. To generate the PPI model we used the crystal structure 

of the RIα dimer forming a complex with the DAKAP-2 peptide. Helix propensity predictions of 

the Gpr161 c-terminus showed the formation of an amphipathic helix spanning from amino acid 

456 to 478. The predicted helix of Gpr161 was modelled into the dimer structure and replaces 

the structure of the DAKAP-2. The Gpr161 helix is shown in grey, relevant amino acids involved 

in the formation of the PPI are highlighted in red, the RIα dimers are depicted in blue.  
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1.4. Functional interaction of Gpr161 and PKA  

 

Gpr161 is an orphan GPCR which was shown to antagonize the sonic 

hedgehog signaling pathway (SHH). In the off state of the SHH pathway Gpr161 is 

located at the ciliary membrane. Gpr161 elevates cAMP levels in the cilia and activates 

thereby PKA [37]. Thus, the mechanism how Gpr161 induces the elevation of the 

cAMP levels in the primary cilium is so far not completely understood. PKA is also 

involved in the SHH signaling by phosphorylating the GLI proteins which get partially 

degraded as the consequence of phosphorylation. The restricted GLI proteins are still 

able to bind the DNA in the nucleus but inhibit under these conditions the target gene 

transcription (figure 3).  

 

 

 

Figure3: Off-state of the Sonic Hedgehog signaling pathway. In the off state of the SHH 

signaling pathway Gpr161 is recruited to the ciliary membrane where it might activate PKA over 

mobilizing cAMP levels. The PKA induces phosphorylation and partial degradation of the GLI 

proteins. Restricted GLI proteins do not function any more as transcription factors and inhibit 

thereby the transcription of the hedgehog targets.  
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The primary cilium is an antenna-like projection sticking out of the apical 

membrane. Enriched concentrations of membrane proteins can be found in the cilia. 

The correct translocation of the seven-transmembrane spanning receptors into the cilia 

as well as the following ciliary export plays a crucial role in the cilia regulation.  Many 

developmental and physiological processes are critically regulated by the Hh pathway. 

Ciliary dysfunctions, the so called ciliopathies, show severe consequences on the cell 

physiology due to failures in the regulation of cell growth, survival, cell fate and 

patterning [37-42].  

In our lab we were able to show that Gpr161 functions as an AKAP and 

localizes PKA to the cilium. By using binding-deficient mutants of Gpr161 the PKA 

could no longer be detected in the cilia. This finding underlined the importance of 

Gpr161 mediated translocation of RI for the regulation of the Hh signaling pathway. 

Additional we showed that the termination of the Hh signaling pathway might involve 

PKA phosphorylation. Using Gpr161 mutants mimicking the phosphorylated state we 

observed in the cilia a reduced amount of Gpr161 phospho-mutant compared to the 

wild type Gpr161 [3].  
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2.  Aims of the study and expected results 

 

Together with our collaboration partners at UCSD we aim to solve the structure 

of the PKA holoenzyme in complex with Gpr161 by crystallography and Cryo-EM. The 

latter technology we mainly focus on is frequently used to analyse macromolecular 

protein complexes including full length membrane proteins. 

 

The aim of this study could be divided into 3 specific topics: 

Aim 1. Cloning and expression of b2AR-Gpr161-CT hybrid constructs.  

Aim 2. Subcellular localization of fluorescent GFP-tagged Gpr161 in complex with the 

RI subunit. 

Aim 3. Co-purification of GPCR:PKA complexes for CryoEM.  

 

In order to initiate the experiments we first intended to generate protein 

expression vectors for different expression systems including mammalian and insect 

cell culture. Both expression systems mediate posttranslational modifications of 

receptor proteins necessary for correct protein folding and functionality. To compare 

the specific properties in protein binding we planned to integrate vectors to express 

each the full length b2AR, the chimeric b2AR-Gpr161, and the full length Gpr161. 

Fusing the proteins to a variety of different tags should enable our further proceedings.  

Secondly we aimed to use a CFP-tag and a Halo-tag respectively for analyses 

of the subcellular localization of the receptor proteins. We are interested in tracking the 

co-localization of the three receptor variants with overexpressed RIα fused to GFP. 

Using the b2AR agonist Isoproterenol the protein assembly should be stabilized and 

dynamically changed upon elevation of intracellular cAMP levels.  

Binding of the ligand is expected to enhance the degree of stabilization of the 

protein complex and lock the GPCR in a specific active conformation. We were 

interested to catch and immobilize the GPCRs in a stable complex formation with the 

PKA holoenzyme. We intended to evolve a protocol for the co-purification of RIα in 

complex with the chimeric b2AR-Gpr161 protein and the full length Gpr161. The goal 

was to obtain highly pure protein complexes for Cryo-EM studies. Macromolecular 
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complexes with protein concentrations in the nM range should be sufficient for 

embedding the purified proteins into lipid matrixes. This mimicks the physiological 

environment and is necessary to give us insights in the 3D GPCR:PKA  complex 

formation. Especially we aim to solve the structure of an AKAP:PKA complex that is 

controlled by cAMP binding and GPCR dynamics.  
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3. Materials and Methods: 

 

3.1. Cloning of the chimeric receptor 

To engeneer the chimeric b2AR(nt)-Gpr161(ct) protein we performed a two-step 

PCR. As template for the n-terminal b2AR we used the CBAR plasmid (pcDNA3-HA-

FLAG-his10-CFP-b2AR, kindly provided by the laboratory of Roger Sunahara, UCSD) 

and for the c-terminal cytoplasmic tail we used the murine coding region of Gpr161 

(full-length, amino acids 1-528; NM_001310430.1). To insert the combined coding 

region of the chimera we prepared the CBAR vector and the PCR product using the 

restriction enzymes KpnI/XhoI and combined the fragments by ligation.  

 

3.2. Cloning of the receptor variants c-terminal tagged with 

CFP/Halo 

To obtain the c-terminal tagged receptor variants for expression in mammalian 

cells we removed in a first step the n-terminal located CFP of the original constructs 

using the Q5 Site Directed Mutagenesis Kit (New England BioLabs). We used the 

resulting plasmid as a template for the c-terminal CFP- and the Halo-tagged constructs. 

Insertion of the desired tag was mediated using the Gibson Assembly Cloning Kit (New 

England BioLabs). The CFP-tag was synthesized using PCR, the Halo-tag was ordered 

from Eton Bioscience.  

 

3.3. Fluorescence imaging of b2AR-/chimera-/Gpr161-Halo and 

RIα-GFP 

HeLa cells were seeded in a density of 2x104 cells in 2ml DMEM on 35mm cell 

culture dishes (for imaging) and transfected with 1.25 µg total DNA with the indicated 

different plasmid combinations using the Lipofetamine 3000 reagent (ThermoFisher 

Scientific). 48h post transfection we fixed the cells with 4% para-formaldehyde in PBS 

and subsequently washed twice with PBS. The images were acquired using the 

AxioVert microscope (Zeiss) and the MetaFluor software. The different fluorescent 

profiles were stained and overlaid using the software ImageJ.  
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3.4. Co-immunoprecipitation 

To analyze the interaction between RIα and the different variants of the flag-

tagged receptor (b2AR, Gpr161 and the chimera) we performed co-

immunoprecipitation experiments in the presence and absence of the agonist 

Isoproterenol (Sigma). Therefore, HEK293T cells were seeded in a density of 2.5x106 

cells onto 10cm cell culture dishes. We grew the cells over-night in GibcoTM DMEM 

(ThermoFisher Scientific) supplemented with 10% (vol/vol) FBS. For overexpression 

we transfected the cells with each 2 µg plasmid DNA diluted in 1 ml Opti-MEM using 

4 µl TransFectinTM Lipid Reagent (Bio-Rad). 48h post transfection we treated the cells 

with 10 µM Isoproterenol for 15 min.  Subsequent to PBS washing steps, we harvested 

the cells in lysis buffer (50 mM Tris, 150 mM NaCl, 1% DDM, 2 mM EDTA, pH = 7.4). 

We homogenized them by sonication (amplitude: 4, 3x10 sec pulse) and clarified the 

lysate (10,000 x g, 10 min). To perform the immunoprecipitations we used M2-Flag-

Affinity-Gel to bind the proteins over night at 4 °C. Resin-associated proteins were 

washed three times with washing buffer (50 mM Tris, 150 mM NaCl, pH = 7.4) and 

eluted with protein sample buffer and DTT.  

 

3.5. Protein analyses with SDS-PAGE and MS 

To check the efficiency of the protein purification from of the insect cell pellets 

we loaded fractions of the eluted proteins on a NuPAGE 4-12% Bis-Tris Protein Gel 

(ThermoFisher Scientific). As controls, additionally we loaded the input, flow through 

and washing solutions onto the gel. The proteins were separated by denaturing gel-

electrophoresis. For high sensitivity detection of the total proteins we used SYPRO 

Ruby Protein Gel Stain (ThermoFischer Scientific). The band from the purified receptor 

protein was cut out from the gel and send for further analyses to the MS facility from 

UCSD. Following a tryptic digest the fragments were measured by MS. Acquired MS 

spectra were processed with the Byonic software (Protein Metrics) and matched to the 

drosoph_031909 database. Search parameters were as follow: precursor tolerance 

15.0 ppm, fragment tolerance 0.6 Da, maximum number of missed cleavages 2, 

cleavage residues RK, digest cutter c-terminal.  

 

3.6. Generation of the Bacmids and competent baculoviruses 

Generation of the baculovirus for high-level protein expression was performed 

according to the Bac-To-Bac Expression System (Invitrogen). We PCR-amplified the 
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coding sequence of the receptor variants together with the tags of interest and inserted 

the PCR products into the multiple cloning site of the pFastBac1 or the pFastBac-HTA 

vector using XbaI/XhoI. The plasmid identity was checked by sequencing analyses. 

Positive vectors were transformed into the DH10Bac strain (Invitrogen), a strain which 

is genetically modified and carries the required plasmids for the bacmid generation. 

Insertion of the coding sequence of the gene of interest into the bacmid leads to the 

disruption of the LacZα peptide. Bacteria colonies with unaltered bacmids expressing 

the LacZα peptide undergo a color exchange from white to blue 48h after 

transformation, whereas positive colonies remain white. The blue-white selection 

allowed us the isolation of positive bacmid DNA for transfection of Sf9 insect cells. For 

transfection we split the Sf9 cells in a 6-well format using 9x105 cells per well in 2 ml 

Sf900-II SFM (ThermoFischer Scientific). Cells were allowed to attach on the plate for 

1h. We used 1.5 µg of bacmid DNA and 4.5 µl Cellfectin II (ThermoFischer Scientific) 

per well. 5h post transfection we removed the transfection media and overlaid the cells 

with Sf900-II media. For virus generation we incubated the cells 5 days at 27°C. To 

collect the virus the SF9 cells were harvested and separated from the viral fraction 

(media) by centrifugation. Cells were used for western blot analyses to control the 

transfection efficacy.  

 

3.7. Plaque Assay 

In order to select the most competent viruses we performed a Plaque Assay. 

Therefore, we split Sf9 cells on a 6-well cell culture dish in a density of 1.2x106 

cells/well in 2 ml Sf-900 1.3x media. We incubated the cells for 1h at 27°C. During the 

incubation cells we prepared serial dilutions of the baculovirus.  

 

Dilution Sf-900 1.3X media  

102 1485 µl + 15 µl baculovirus 

103 1350 µl + 150 µl 102 dilution 

104 1350 µl + 150 µl 103 dilution 

105 1350 µl + 150 µl 104 dilution 

106 1350 µl + 150 µl 105 dilution 

107 1350 µl + 150 µl 106 dilution 

 

Table 1: Serial dilution of the baculovirus from 10
2
-10

7
. The dilutions 10

5
-10

7
 are used for 

infection of the cells to generate viral plaques. 
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After one hour of cell incubation the media was aspirated from the wells. Each 1 

ml of the viral dilutions 105 – 108 were used for cell infection by carefully overlaying the 

attached cells. For the infection cells were incubated again for 1h at 27°C. For the 

overlay 2,5 ml 4% low melting agarose for tissue culture (pre-warmed to 70°C) was 

mixed with 7,5 ml Sf-900 1.3 media (pre-warmed to 37°C). After aspiration of the media 

containing the virus the cells were overlaid with 2 ml of the agarose-media mixture. We 

allowed the overlay to solidify in the laminar flow for a few minutes and put the plates 

inverted into the incubator. Additional wet paper towels were laid onto the 6-well plates 

to prevent excessive drying of the overlay. The plaques were incubated for 10 days 

before we could pick and purify them.  

 

3.8. Plaque purification of Baculoviruses 

Sf9 cells were split in a density of 1 x 106 cells/ml in a 6-well plate in each 1 ml 

of Sf-900 II media and incubated for 1h at 27°C to allow the cells to attach. Using a 

Pasteur pipette and a pipette pulp each three plaques embedded in the agarose 

overlay were picked and suspended in 1 ml Sf-900 II media. By suspension we washed 

the virus off the agarose. 1 ml of the Sf-900 II media containing the virus of three 

plaques was added to each one well of the 6-well plate. After 4 days of incubation at 

27°C we checked the Sf9 cells for signs of viral infection. We harvested the most 

promising looking cells and centrifuged them by 3000 x g for 10 min. The supernatant 

containing the competent baculovirus was saved as p0 generation (passage 0). We 

used the supernatant for infection of High Five cells (Hi5 cells), an insect cell line used 

for high amount protein expression.  
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4. Results  

 

4.1. Architecture of the chimeric b2AR-Gpr161 protein 

 

The first insights into the structure of GPCR came from crystallography 

revealing the structure of the transmembrane domains of the receptors. To determine 

the structure of GPCR different restrictions and challenges had to be bypassed in order 

to obtain crystals. These challenges include the low level of GPCR over-expression in 

different expression systems and ensuring the native folding of the receptors. 

Additional the instability due to thermodynamic and proteolysis played a crucial role for 

receptor purifications. To overcome these challenges agonists and antagonists were 

used to stabilize the receptor proteins [43].  

Gpr161 is an orphan GPCR which displays an additional challenge. So far there 

is no ligand known that modulates Gpr161 activity in the cell or that locks the receptor 

in its active PKA bound state.  As we intend to solve the structure of the Gpr161:PKA 

complex we elaborated an alternative strategy additionally to work with the full-length 

Gpr161. We planned to generate a chimeric protein consisting of the n-terminus of the 

beta-2-adrenergic receptor (b2AR) and the c-terminus of the Gpr161. We exchanged 

the c-terminus of the receptors after the helix 8 of the b2AR receptor and the 

conserved palmitoylation site (figure 4). The c-terminus of the Gpr161 still contains the 

PKA phosphorylation site and the PKA binding site.  

The b2AR protein is a prototypical GPCR; both agonist and antagonists are 

known for the receptor. The structure of the transmembrane region of b2AR was 

unveiled by crystallography. This knowledge can be used as a reference and might 

help to unveil the structure of the chimeric protein in complex with PKA. Using this 

approach we hope to overcome some of the challenges in the structure determination.  
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Figure 4: Schematic representation of the chimeric b2AR-Gpr161 protein in complex with 

the PKA holoenzyme. The transmembrane region of the b2AR (shown in blue) is fused to the 

c-terminal region of Gpr161 (red). Ligand binding to the receptor should facilitate the protein 

purification by locking the receptor in an active PKA bound state.  

 

 

4.2. Expression system for high yields of membrane proteins 

 

High amount protein expression for purification and structure analyses is 

typically generated in bacteria. E.coli is one of most popular expression systems due to 

low costs, rapid expression and simple handling. It is the expression system of choice if 

the desired expressed and purified proteins belong to the class of soluble proteins 

(distributed in the cytoplasm). For more complex proteins this system can have 

limitations due to different folding chaperones, the lack of essential lipids or the ability 

to mediate post-translational modifications. When working with membrane proteins the 

expression system has to be changed. Membrane proteins like receptors and ion 

channels are interacting with the cell membrane. Therefore, often they can be 

characterized by the presence of several hydrophobic stretches spanning through the 

membrane. Correct folding and post-translational modifications are essential for the 

generation of stable and functional proteins. Additional, these modifications mediate 

the correct localization of the proteins within the cell [44, 45]. We decided to test two 

different expression systems to generate and over-express the receptors.  
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Our first choice of expression system for high yields of membrane proteins are 

insect cells. Using a baculovirus we planned to infect Hi5 insect cells with different 

variants of the chimeric protein consisting of the n-terminus of the beta-2-adrenergic 

receptor and the c-terminus of Gpr161.  As the generation of a baculovirus requires at 

least two month we decided to generate in parallel different variants of the chimeric 

protein by fusing it to a variety of different tags. These tags should be used for the 

following purification and analysis steps.  

In parallel we generated expression vectors to over-express proteins in 

mammalian cells. The generation of this constructs requires a shorter amount of time 

but mammalian expression systems are often related to high costs. Transient 

transfection and over-expression of the proteins in mammalian cells allowed us the 

analysis of the subcellular localization of the receptors and the RIα subunit. Even 

mammalian cell expression in general  does not yield a high amount of overexpressed 

receptor proteins we still can use the expression system in order to analyze 

protein:protein interaction (PPI)  of the chimeric receptor and the PKA.  

 

4.3. Cloning strategy for the generation of the baculovirus 

 

On the n-terminus of all our constructs we introduced a signal peptide sequence 

homolog to an HA-tag. These signal peptide sequences are often critical for the 

synthesis and processing of membrane proteins. They are thought to promote the 

insertion of the membrane protein into the membrane of the endoplasmic reticulum. 

There the receptors are further processed through the Golgi and undergo modifications 

including N-linked glycosylation. These events are necessary to enable finally the 

transportation and insertion of the full length receptor into the plasma membrane [46, 

47]. For protein purification we used a Flag- and a his-tag located on each the 

n-terminus and the c-terminus of the chimera. Both tags should be used in a two-step 

purification to obtain really pure amounts of the desired chimeric proteins. In one 

version of the constructs we used an additional cyano-flourescent protein tag (CFP). 

This tag should be useful to detect protein amounts by fluorescence measurements 

following cell lysis (figure 5). 
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Figure 5: Schematic representation of the baculoviral expression vectors. The coding 

region of the different versions of the b2AR-Gpr161  fusion proteins are inserted into a pFAST-

BAC vector.  

 

The coding region of the b2AR-Gpr161  protein was inserted into the pFAST-

BAC vector using restriction enzymes and the ligated plasmids were amplified in DH5α 

cells. Following plasmid isolation and sequence analysis we transformed DH10Bac 

with the positive plasmids to generate the bacmids for insect cell infection. The 

generation of the baculovirus followed the protocol of the Bac-to-Bac Baculovirus 

Expression System protocol from Invitrogen. DH10Bac cells were grown on Agar plates 

containing kanamycin, the chromogenic substrate Bluo-gal and as inducer IPTG. 

Bluo-gal is a substrate which gives a blue staining to colonies without positive bacmids. 

The blue-white selection allowed us to select the positive clones over the negative 

ones (figure 6). 

 

 

Figure 6: DH10Bac colonies for generation of bacmids. The DH10Bac colonies containing 

functional bacmids keep their white colour after 48h incubation at 37°C. All the positive clones 

were marked with a circle on the plates. Positive colonies were picked, amplified and the 

bacmids isolated using the Zymo - Minipreparation Kit.  
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4.4. Overexpression of b2AR-Gpr161 in Hi5 insect cells 

 

For transfection and generation of the baculovirus we transfected Sf9 insect 

cells with the bacmids. Sf9 cells are competent to produce large amounts of virus. We 

incubated the Sf9 cells for several days at 27°C and recovered the viral fraction by 

centrifugation of the cells. To select a highly competent viruses we performed a plaque 

assay. Growing plaques infected by a single virus particle improves the following 

protein expression in Hi5 cells. We were able to grow plaques for the sample A and 

sample C (figure 7) but no plaques for sample B. Therefore, sample B could no longer 

been processed. Due to time limitations it was not feasible to grow new plaques for 

sample B. 

We isolated the virus from the plaques of the remaining two samples and 

amplified it in Sf9 cells. Before inducing virus production in Hi5 insect cells we analyzed 

different preparations of Sf9 cells. We harvested the cells and lysed aliquots of the cells 

using protein loading buffer containing SDS and DTT for protein denaturation. We 

loaded the fractions on a SDS-polyacrylamide gel and performed an immunoblot 

analysis using anti-his antibodies for the detection (figure 7).  

 

Figure 7: Western blot analysis of the Hi5 insect cells expressing the chimeric receptor 

protein. We lysed aliquots of Hi5 insect cell pellets infected with the baculovirus for receptor 

protein expression. The chimeric receptor consists of the n-terminal region of the b2AR and the 

c-terminus of Gpr161 . Tags are fused differently to the receptor (indicated as sample A and C). 

Each three sets of Hi5 cells independently infected by sample A and C were lysed and the 

amount of over-expressed receptor was analyzed by western blot. To detect the protein we 

used as first AB anti-his. The expected sizes for sample A was 90.3 kDa and for sample C 64.1 

kDa.  
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The Western Blot showed good expression of the b2AR-Gpr161  chimeric 

protein for all three preparations of sample A. We stored the viral fractions of Sample A 

to use the virus for upscaling of Hi5 insect cells expressing the receptor. We initiated a 

first infection of the cells with portions of the viral fractions and expressed the proteins 

for 48h incubation at 27°C. The cells were grown in suspension by swirling them at 

120 rpm. The cells were aliquoted and harvested; we stored the cell pellets at -80°C to 

use them for first attempts of protein purification. Membrane proteins are highly 

sensitive to temperature changes, pH conditions, and salt amounts. They tend to 

aggregate fast under the wrong conditions, therefore we will need to carefully optimize 

the protein purification in future experiments in order to isolate a functional and stable 

macromolecular GPCR:PKA complex.  

 

4.5. Cloning of mammalian expression vectors 

 

In parallel to the generation of the baculovirus for high yield over-expression of the 

receptor in insect cells we planned the protein expression in HEK293 cells. Using this 

expression system we put an additional focus on the b2AR and Gpr161 full length 

proteins. Similar to the construction of the expression vectors for insect cell culture we 

used the same tags to facilitate the further handling of the proteins (chapter 4.3). 

Instead of the CFP tag we cloned constructs with an HaloTag (Promega) (figure 8). 

This 33 kDa HaloTag forms a rapid and irreversible covalent bond with the HaloTag 

ligand with high stability which allows protein isolation with high purity. Additional 

fluorescence labelled HaloTag ligands can be bound to the tag in vivo allowing 

fluorescence microscopy and determination of the subcellular localisation of the tagged 

proteins [48].  
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Figure 8: Architecture of the receptors fused to different tags. For protein expression in 

mammalian cells different constructs were generated. The position of the tags are indicated 

schematically. The HA- and the Flag tag are depicted in purple, the his-tag in dark green, the 

CFP-tag in cyan and the HaloTag in light green. The coding region of the b2AR is presented in 

black colour, Gpr161  is represented in red.  

 

To generate the different constructs fused to the different tags, the coding 

region of the receptors and the empty pcDNA3 vector were amplified with PCR. 

Therefore, we generated PCR primers with overlapping regions shared by the PCR 

fragments to assemble. The concentration of the different PCR products was measured 

and mixed in the correct ratios. We used 100 ng of the linearized pcDNA3 vector and 

mixed it with the insert fragments in the ratio of 1:2 (under accounting of the different 

length of the fragments). We integrated the coding region of the proteins into the 

mammalian expression vector pcDNA3 using the Gibson assembly strategy and 

amplified the plasmids in DH5α. Protein identity and sequence integrity were analysed 

first by restriction enzymes (figure 9). We used the HindIII and the XhoI enzymes to 

cut out the complete coding sequence of the expression vector. As a negative control 

additional we digested a construct without the CFP (used as a template for the 

insertion of the CFP tag).  



Results 

 

 

  Page 23 / 36 
 

 

Figure 9: Restriction analysis of the mammalian expression vectors. The plasmids coding 

for the full-length b2AR, the chimera and the full-length Gpr161  fused to either CFP or HaloTag 

were analysed by restriction mapping. The positive clones marked in red were sequenced to 

prove the identity of the plasmids.  

 

The sequence analysis showed that all constructs were positive and could be 

used for the following experiments.  

 

4.6. Subcellular localization of the over-expressed receptors 

 

To check the functionality of the generated constructs in the mammalian cell 

culture we used the fluorescence tags to show the localisation of the proteins within the 

cell. Therefore, we seeded HeLa cells in a low density on imaging cell culture dishes. 

The following day we transfected the cells with each 1µg of the plasmids pcDNA3-HA-

Flag-b2AR-Halo, pcDNA3-HA-Flag-b2AR-Gpr161 -Halo (chimera) and the pcDNA3-
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HA-Flag-Gpr161 -Halo. 48h post transfection we incubated the cells with the 

fluorescence HaloTag ligand TMRDirect ligand to mediate the covalent binding of the 

fluorescent ligand with the protein to allow the detection of the proteins using  

fluorescence microscopy. For microscopy the cells were fixed on the imaging dishes 

using 4% para-formaldehyde solution. The localization of the proteins was recorded 

using the Axio Zeiss microscope.  We could show a good expression of the receptors 

in the HeLa cells. Both full length receptors as well as the chimera were found to be 

membrane localized in HeLa cells (figure 10). 

 

 

Figure 10: Subcellular localization of the b2AR, the chimeric receptor, and the Gpr16  in 

HeLa cells. The receptor variants fused to the HaloTag were over-expressed in Hela cells. After 

binding of the TMRDirect ligand the localization of the proteins is visualized by fluorescent 

microscopy. Different cells were recorded to show the localization of the proteins.  

 

To analyse the protein:protein interaction of the receptor:PKA in the cells we 

looked in a next step on the co-localization. Therefore, additional RIα-GFP was co-

expressed with the receptor-HaloTag constructs. The cells were transfected with 1 µg 

of total DNA using the Lipofectamin 3000 reagent and treated as described. For the 
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b2AR co-transfected with RIα subunit no co-localization with PKA was observed 

(figure 11). The similar result we observed for the chimera and the RIα co-expression, 

even we assumed the chimera is still able to interact with the RIα subunit and change 

its cellular localization. Surprisingly just the full-length Gpr161 was able to recruit RIα 

subunit to the cell membrane and shows a high degree of co-localization with the PKA.  

 

 

Figure 11: Analysis of the co-localisation of RIα and the receptor variants in HeLa cells. 

The receptor variants fused to the HaloTag were co-expressed with RIα-GFP and the protein 

localization determined by fluorescence microscopy. While all three receptors were present at 

the cell membrane, just the full-length Gpr161 was able to change the localisation of RIα 

subunit. For the b2AR and the chimeric receptor no co-localization with RIα was observed.  

 

In future experiments we plan to further investigate the localization of the 

proteins using a confocal microscope. We hope to get a better picture of the protein 

localizations with the enhanced resolution of the stronger microscope. Additional we 

plan to modulate the subcellular localization by treating the cells with either the agonist 

or antagonist of b2AR. We hope we can induce and stabilize the chimera:RI interaction 

using the different settings.  
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4.7. Immuno-precipitations of receptor:PKA  

 

As a second method of choice to prove the receptor:PKA interaction in the cells 

we performed immuno-precipitations. Therefore, we seeded HEK293T cells on 10 cm 

cell culture dishes. The next day we transfected the cells with each 2 µg of plasmids 

encoding for the receptors. We used the receptor variants tagged with HA-tag, and 

Flag-tag at the n-terminus and the CFP-tag on the c-terminus. 48h post-transfection the 

cells were harvested from the cell culture plates and lysed using a Tris buffer 

containing 1% Dodecyl-β-D-maltosid (DDM). DDM is the detergent which often can be 

found in correlation with membrane protein solubilisation. The choice of detergent for 

protein extraction is a crucial step as it influences the protein stability but might 

interfere with protein interactions. For the process of the protein solubilisation and 

following purification the membrane protein must be timely inserted in a lipid bi-layer. 

The detergent forms hydrophobic micelles protecting the transmembrane stretches of 

the receptor from denaturation. The provided hydrophobic environment prevents 

membrane protein aggregation during the purification step [49, 50]. The cells were 

lysed and homogenized by sonication. To avoid heating of samples we kept the lysates 

on ice over the total sonication process. After removal of the unsolid cell fraction by 

centrifugation the cell lysates were incubated with M2-affinity gel o/n at 4°C on a 

rotisserie to allow the Flag-tagged proteins to bind to the gel. The next day the proteins 

coupled to the M2-affinity gel were recovered by centrifugation at low speed and 

washed several times with a Tris-buffer to remove unspecific bound proteins from the 

complex. The proteins were separated from the beads by adding SDS protein loading 

buffer and DTT. To facilitate the denaturation of the proteins the lysates were heated to 

60°C for 5 min. The total lysate was loaded onto a SDS-polyacrylamide gel and 

subjected to electrophoresis. After transferring the proteins on a PVDF membrane 

western blot analysis was performed.  

As the first antibody we used anti-Flag to check the expression of the receptors 

and the correct size. We could observe a strong degradation of the receptors as in 

most part of the purified receptor the CFP tag was cleaved off (figure 12). The lower 

and more prominent band in the western blot running at around 50 kDa belongs to the 

partially degraded receptor. The unprocessed receptor with all the tags present on the 

c-terminus gives a signal at 90 kDa.  

Nevertheless, the receptor binding to the RIα subunit should not be affected by 

the removal of the CFP-tag. Additional we observed a light smear where the membrane 

https://www.carlroth.com/at/de/Life-Science/Biochemie/Detergenzien/Dodecyl-%CE%B2-D-maltosid-%28DDM%29/p/000000060002aded00020023_de
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protein aggregated due to the heating of the lysates and the sonication process. For 

future experiments repeating the immune-precipitation of the receptors it is inevitable to 

lyse the cells by douncing and to perform the denaturing step at room temperature. The 

western blot showed different levels of over-expression of the proteins in the HEK293T 

cells. We observed a stronger over-expression of the full-length proteins compared to 

the artificial chimeric receptor. Nevertheless, the chimeric receptor was still produced in 

sufficient amounts to continue experiments using this setting (figure 12).  

Next, we checked if we could co-precipitate RIα using RIα specific antibodies. 

No RIα was precipitated for our controls, the CFP alone or the b2AR. Surprisingly, after 

we were not able to observe co-localization of the chimera and the RIα, we still could 

precipitate endogenous RIα from the HEK293T cells with the chimeric receptor. The 

reduced amount of co-purified RIα compared to the wild type Gpr161 can be explained 

by the differences in over-expressed receptors. This experiment proved the ability of 

the chimeric receptor to still interact with the RIα subunit of PKA (figure 12).  

 

 

Figure 12: Immuno-precipitation of the flag-tagged receptor variants. The receptor fused to 

a Flag-tag and a CFP-tag was over-expressed in HEK293T cells. 48h post-transfection the cells 

were harvested, lysed and incubated with M2-affinity gel (selective for binding the FLAG-

sequence). The enriched proteins were analyzed by western blot analysis using anti-Flag and 

anti-RIα selective antibodies.  
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4.8. Protein expression optimization  

 

One critical and highly important step forward in this project will be the 

successful receptor purification and stable storage in an environment which protects 

the native conformation of the receptors in order to initiate structural analysis. The 

optimal conditions for the protein purification of membrane proteins can vary strongly 

for each GPCR. In order to find out the best parameters like detergent, buffer and 

optimal pH for the chimeric protein we initiated first purification attempts. Using the 

insect cell pellets with the over-expressed chimera we generated and stored in aliquots 

we intended to figure out the best conditions in first experiments. In parallel three 

pellets were lysed under different buffer conditions. One of the buffers was a 

phosphate buffer; the remaining two buffers were Tris buffers with differences in the 

salt concentration. After cell lysis and removal of the insoluble cell fraction by 

centrifugation we incubated the cells over night with M2-affinity beads to couple the 

proteins over the n-terminal located Flag-tag. To remove all interacting proteins five 

washing steps were performed. For the first four washing steps the amount of 

detergent in the washing buffer was constant, but the salt concentrations decreased. 

The last washing step was performed in the absence of the detergent. To elute the 

protein from the beads an excess of flag-peptide was added. The protein fraction was 

collected and enriched by 30 kDa cut-off spin columns. We performed a denaturing gel 

electrophoresis to check the purity of the enriched protein (figure 13).   

 

Figure 13: Protein purification from Insect cells using Flag-affinity beads. The chimeric 

receptor protein expressed in Hi5 insect cells was isolated from the cells using Flag-affinity 

purification.  
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On the gel we could detect a single band at the expected size of approximately 

90 kDa (indicated in red). Surprisingly, there was not a really strong over-expressed 

band at the same height detecable in the input. To check the identity of this enriched 

and isolated protein we cut out the band directly from the acrylamide gel and send it to 

the mass-spectrometry facility of UCSD. Following tryptic digest the protein was 

measured with MS/MS and the signals were compared with a protein database of 

drosophila (figure 14). 

 

 

Figure 14: Protein analysis by mass spectrometry. The isolated protein was digested by 

trypsin, measured by mass spectrometry and the fragments compared with protein databases. 

The hits are ranked by significance. Fragments from the CFP tag which were found in the MS 

analysis are indicated in green.  

 

The MS measurements revealed that mainly the insect cell protein Hsc-70-4 

gene was isolated in the protein purification. Just a very small amino acid stretch of the 

CFP tag was detected by MS. Unfortunately there was no accordance of fragments 

with the chimeric receptor.  
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5.  Outlook 

 

Signal transduction in cells is mediated through events which include protein 

activation and interaction thereby transducing the signal from the cell membrane into 

the nucleus. The transmission of the signal requires a highly controlled interplay of 

numerous proteins including G-protein coupled receptors (GPCRs), kinases and 

scaffolding proteins. A tight regulation of the protein activity is inevitable for spatially 

and temporally signal transmission. Binding of signaling molecules to the easily 

accessible GPCRs at the cell membrane initiate the signaling cascades. GPCR 

dependent signaling pathways involve activation of the protein kinase A (PKA). Upon 

increases of the intracellular levels of the second messengers cyclic AMP (cAMP) PKA 

gets activated. The A-kinase anchoring proteins (AKAPs) are scaffolding proteins 

which recruit the PKA to different cell compartments to ensure substrate specificity [1, 

2, 4-7, 22, 25]. Using a phospho-proteomics approach we identified an unanticipated 

physical and functional connection between protein kinase A (PKA) and GPCR 

signaling. We showed that the orphan GPCR Gpr161 directly interacts with high 

selectivity with the regulatory subunit Iα of the PKA over an AKAP motive located on 

the cytoplasmic c-terminus of Gpr161.  Additional we showed that Gpr161 is a target 

for PKA mediated phosphorylation after forming the macromolecular complex with the 

PKA holoenzyme [3]. The AKAP function and the phosphorylation status of Gpr161 is 

relevant for recruiting type I PKA complexes to the primary cilium. Both proteins were 

shown to antagonize the hedgehog signaling pathway in the primary cilium.  

 

To gain a more comprehensive understanding of this Gpr161:PKA protein 

complex we generate chimeric GPCR proteins consisting of the transmembrane 

regions of the beta-adrenergic receptor and the carboxy terminus of Gpr161. We 

planned to subject the chimeric receptor as well as the full length Gpr161 each in 

complex with the PKA holoenzyme to structure analysis using Cryo-Electron 

microscopy. To facilitate the purification process we aim to lock the chimeric receptor in 

the PKA bound active state through selective agonists/antagonists binding.  

 

In collaboration with the laboratory of Susan Taylor and Roger Sunahara at 

UCSD we intended to initiate the protein expression and purification. Therefore, in the 
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six month at the University of California, San Diego we were able to generate a set of 

expression vectors which allow us to express the full length b2AR, the chimeric 

receptor, and the full length Gpr161 in mammalian cells. Additional, we managed to 

generate baculoviruses for further infections of insect cells and high level protein 

expression. As a follow up we would like to subject the baculoviruses to titer analysis. 

Knowledge of the accurate competence of the virus will help us to determine the 

perfect amount of virus used for insect cell infection. This should facilitate the high 

amount production of membrane proteins in the insect cells.   

 

The mammalian expression vectors should be used to follow up with the further 

pre-tests. Including the full-length receptors into experiments gives us the best control 

on the dynamics of the protein:protein interaction. Both in localization and immune-

precipitation experiments we would like to modulate the Gpr161:PKA binding by 

treating cells with either agonist or antagonists of the beta-2-adrenergic receptor.  

 

As initial attempts to purify the membrane proteins showed it won’t be trivial to 

purify the GPCR:PKA complex. Initial affinity purification using immuno-precipitation 

protocols as well as establish protein purification protocols lead to partial degradation 

or aggregation of the receptors during the handling. In future experiments we will try to 

further optimize the purification conditions in order to obtain high amounts of GPCR. 

We still have to find out which will be the perfect work-flow for realizing the project but I 

am sure it will be a challenging and exciting follow up study. This would not be possible 

without the valuable insights I obtained during this exciting last six month at UCSD. 
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6. Abbreviations  

 

AKAP A-kinase anchoring protein 

b2AR beta-2-adrenergic receptor 

bp basepair 

cAMP cyclic AMP 

CFP cyano fluorescent protein 

DDM n-Dodecyl-β-D-maltoside 

DTT Dithiothreitol 

EM electron microscopy 

GFP green fluorescent protein 

GPCR G-protein coupled receptor 

IPTG Isopropyl-β-D-thiogalactopyranosid 

kDa kilo-Dalton 

MS mass spectrometry 

PAGE polyacrylamide gel electrophoresis 

PCR polymerase chain reaction 

PKA Protein kinase A 

PKAc catalytic subunit of the PKA 

PPI protein-protein interaction 

PVDF polyvinylidene flouride 

RI regulatory subunit I of the PKA 

RII regulatory subunit II of the PKA 

rpm rounds per minute 

SDS sodium dodecyl sulfate 
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