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3. Characterisation and purification trials with the 

M2 Muscarinic Receptor and the H1 Histamine 

Receptor
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3.2. Introduction

Purification of functional, homogeneous, mammalian seven transmembrane receptors has 

proven to be extremely difficult to date. The failure rate is very high, as emphasised by the 

fact that there are only two mammalian 7TMR structures solved to atomic resolution 

(Cherezov, et al., 2007; Palczewski, et al., 2000; Rasmussen, et al., 2007). If the proteins 

could by easily produced and purified in functional form, diffracting protein crystals would 

be much more readily forthcoming. Whilst expression of the receptor in large yields is the 

first challenge, the second challenge of stripping the protein from its native membrane 

environment in order to purify it is an equal, if not greater challenge.  There are several 

purification protocols for retrieving the M2R from native tissue (Florio and Sternweis, 

1985; Haga and Haga, 1983; Rinken, 1996) and from cell cultures including Sf9 (Parker, et 

al., 1991) and CHO cells (Peterson, et al., 1995). Purification using hexa-Histidine tagging 

on the N or C terminus of a mutant M2R, lacking 147 residues from the third intracellular 

loop and an N terminal glycosylation sequence, has been reported (Hayashi and Haga, 

1996). Whilst the H1R has mainly been solubilised and/or purified from tissue sources 

(Osband and McCaffrey, 1979; Ruat, et al., 1992; Toll and Snyder, 1982) and only a single 

report exists for the purification of recombinant H1R from Sf9 cells (Ratnala, et al., 2004).

In this study the aim was to purify at least one seven transmembrane receptor from, a 

choice of two receptor families (muscarinic and histamine) and four receptor constructs. 

Prior to purification the signalling activity of the receptor constructs was assessed by 

reconstitution with purified G-proteins. The expression levels reported in chapter 2 were 

high enough that with large scale cell culture, sufficient quantities of receptor could be 

produced for initial purification trials.
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3.3. Methods

3.3.1. Reagents

Unless otherwise stated, all reagents were of analytical grade and were purchase from 

Sigma Aldrich. All buffers were prepared with milliQ purified water (mQH2O)

3.3.2. G-protein baculoviruses

Baculoviruses for a terminal hexa-Histidine tagged Gαi1 (His6NGαi1), Gαq, β1, γ2 and hexa-

Histidine tagged γ2 were generously supplied by Professor Richard Neubig (University of 

Michigan). Gαo virus was kindly supplied by Dr Andrejs Kumans of Professor Alfred 

Gilman’s laboratory (University of Texas, Southwestern Medical School).

3.3.3. Purification of the G-Protein subunits

Sf9 cells (up to 2 L) were infected with the recombinant baculoviruses His6NGαi1, β1, and 

γ2 for 72 h and were subsequently harvested by centrifugation at 1000xg for 10 min. All 

further operations were performed on ice or at 4oC, using a modification of published 

methods (Hepler, et al., 1993). The cell pellet was gently resuspended in ice-cold 

phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4) and centrifuged at 1000xg for 10 min. The supernatant was discarded 

and the pellet was resuspended in ice-cold lysis buffer (50mM HEPES pH 8.0, 0.1mM 

EDTA, 3mM MgCl2, 10 mM β-Mercaptoethanol and 10 μM GDP). Cells were lysed using 

a Nitrogen cavitation chamber (500psi, 15 min). The lysate was centrifuged at 750xg 

(10 min, 4 °C) to remove intact cells and nuclei. The supernatant (containing the crude 

membrane fraction) was centrifuged at 100,000xg for 30 min. The membrane pellet was 

then resuspended in wash buffer (50 mM Hepes, 3 mM MgCl2, 50 mM NaCl, 10 mM β-

mercaptoethanol, 10 μM GDP and protease inhibitors as for the lysis buffer, pH 8.0) using 

a large Dounce homogeniser. The membranes were centrifuged at 100,000xg for 30 min 

before resuspension in a small volume of wash buffer to maintain total protein 

concentration of ≥ 5 mg/mL. Protein concentration was then determined by the Bradford 

protein assay (Bradford, 1976) and adjusted to 5mg/mL. Sodium cholate was added to a 

final concentration of 1% w/v from a 20% w/v stock. Membranes were extracted with 

detergent by stirring on ice for one hour. The detergent/membrane suspension was then 

centrifuged (100,000xg, 40 min) and the supernatant containing soluble proteins collected. 
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The soluble fraction was diluted five fold with buffer A (20 mM Hepes, 10 mM NaCl, 

1 mM MgCl2, 10 mM β-mercaptoethanol, 0.5% (w/v) polyoxyethylene-10-lauryl ether, and 

10 μM GDP, pH 8.0) and then loaded onto an equilibrated column consisting of nickel–

nitrilotriacetic acid (Ni–NTA) agarose beads (2mL, 50% suspension, Qiagen) to allow 

selective binding of histidine-tagged proteins. The column was washed with 50 mL of 

buffer A containing 5 mM imidazole and 300 mM NaCl to remove proteins not specifically 

bound to the column via Ni2+–histidine interaction. One column volume (1mL) of buffer E 

(20mM NaHEPES pH8.0, 50mM NaCl, 50mM MgCl2, 5mM imidazole, 10mM β-

mercaptoethanol, 10µM GDP, 1% w/v sodium cholate) with additional Aluminium

fluoride (10mM sodium fluoride, 30µM Aluminium chloride) was passed through the 

column and the column placed at room temperature for 15 minutes to allow interaction of 

Aluminium fluoride with the His6NGαi1/β1γ2 trimer. Aluminium fluoride is a GTP 

analogue and causes dissociation of the βγ dimer from Gα. Fractions (5 to 7 void volumes) 

were eluted using buffer E plus Aluminium fluoride. Since Aluminium fluoride dissociates 

the G-proteins at this time the non-Histidine tagged protein (β1γ2) is collected. The 

Histidine tagged subunit, His6NGαi1, was then eluted using buffer E (no Aluminium

fluoride) with added 150mM imidazole and 5 to 7 void volume fractions were collected. 

Fractions were analysed by SDS-PAGE with Coomassie staining. Fractions containing 

His6NGαi1 were combined, as were fractions containing β1γ2, to produce one fraction for 

His6NGαi1 and one for β1γ2. Pooled His6NGαi1 or β1γ2 was injected into a dialysis cassette 

(Slide-A-Lyzer, Pierce) with a molecular weight cut-off of 3.5kDa. G-proteins were 

dialysed against 200mL of buffer F (20mM NaHEPES pH8.0, 3mM MgCl2, 10mM NaCl, 

0.1% w/v sodium cholate, 10mM β-mercaptoethanol and 1µM GDP) to remove imidazole 

and Aluminium fluoride. Buffer was changed every 1 – 2 hours to a total of ~600mL 

before overnight dialysis against 300mL of buffer F and another 2 changes the following 

morning. G-proteins were analysed again by Coomassie stained SDS-PAGE and protein 

concentration determined using either gel densitometry or the Bradford protein assay. G-

protein aliquots were snap frozen in liquid nitrogen and stored at -80oC. 

Gαq and Gαo, which were used in experiments with the His10CH1R, were purified by Dr 

Olgatina Bucco (AusBiotech, formerly CSIRO). The Gαq/o proteins were purified by 

interaction with a Histidine tagged βγ complex (associated with a Nickel IMAC resin).
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3.3.4. The [35S]-GTPγS binding assay

7TM receptor/G-protein interaction was measured using a modification of the [35S]GTPγS 

binding technique (Windh and Manning, 2002). All concentrations given are the final 

assay concentrations. A reconstitution mix consisting of 7TMR containing membranes 

(0.1 mg/mL), GDP (5 μM), AMP-PNP (10 μM), His6NGαi1, or other Gα subunit as stated,

(20nM) and βγ (20 nM), and [35S]-GTPγS (0.2 nM) was prepared in TMND buffer (50 mM 

Tris, pH 8.0, 100 mM NaCl, 1 mM MgCl2, and 1 mM DTT) on ice. The assays were 

prepared in a 96 v-well plate (Axygen) to a final volume of 75μL. Reactions were initiated 

by addition of either buffer (basal), acetylcholine (10 μM) for M2R containing membranes 

or histamine (10µM) for His10CH1R containing membranes. Non receptor induced [35S]-

GTPγS binding was determined in the presence of atropine (100 μM) for the muscarinic 

receptors or triprolidine (100µM) for the histamine receptor. Assay plates were incubated 

at 27 °C with shaking (500rpm) on a Xtron heated plate shaker (Xtron) for 90 minutes. 

25µL of the assay was transferred to a MultiScreenTM 96 well glass fibre filter plate 

(Millipore) for rapid filtration using a MultiscreenTM Separation System (Millipore). Each 

well was washed with 5 x 200μL of TMN buffer. The filtration plate was fitted to the white 

plastic base and 50µL of Microscint scintillant (Perkin Elmer) was added to each well. The 

plate was covered with a translucent plastic sheet and [35S] presence determined by liquid 

scintillation counting in a Top Count Microplate Scintillation Counter (Perkin Elmer Life 

Sciences) with 1 minute counts per well.

3.3.5. Data Analysis

Graphs were produced using Prism4 (GraphPad Software).

3.3.6. Large scale expression of the His6CM2R and His10CH1R

Whilst for preliminary M2R work, cells were cultured on the small scale (as described in 

chapter 2), for final purification experiments using either M2R or H1R, large scale cultures 

were produced. Large scale (~5L) Sf9 cultures of the Histidine tagged muscarinic and 

histamine receptors were grown and infected at the fermentation facilities of CSIRO, 

Molecular and Health Technologies, Parkville, by Dr Louis Lu and Ms Tram Phan. Cells 

were grown using serum free media (Sf900 II, Invitrogen) in a Celligen Plus Bioreactor. 

Cells were collected by centrifugation, immediately frozen in liquid nitrogen and stored at 

-80oC for future use. In one experiment freezing was shown to have little effect on the 

receptor, as determined by radioligand binding.
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3.3.7. SDS-PAGE

Experiments in this chapter were performed in two laboratories, there were slight 

variations between the two laboratories in the protocols used for SDS-PAGE.

Criterion pre-cast gels for SDS-PAGE

Samples were diluted 1:1 with 2x reducing sample buffer (BioRad) and heated at 100oC for 

3 minutes. Diluted sample (20µL, per well) was loaded onto a 15% Tris-HCl gel 

(Criterion, BioRad) and run at 150V for approximately 20 minutes and then 200V until the 

dye front neared the end of the separating gel. Either Kaleidoscope pre-stained or 

Kaleidoscope Precision Plus pre-stained (BioRad) standards were used.

NuSep gels for SDS-PAGE

The quality of results obtained with NuSep gels was substantially lower than that observed 

with BioRad gels (e.g. compare Figures 1, 13 and 26 to Figures 14, 15 and 17). Samples 

run on NuSep gels, including the marker, often appeared smeared on staining, there was 

also a tendency of samples to warp during electrophoresis and background staining of the 

silver appeared higher. A slight improvement was obtained by using NuSep prepared 

sample buffer. 

For NuSep gels, samples were prepared in 1x reducing buffer (5x stock, 0.2M Tris pH6.8, 

25% w/v glycerol, 12.5% v/v β-mercaptoethanol, 12.5%w/v bromophenol blue, 5%v/v 

SDS). Later in the study, samples were prepared by combination of sample, NuSep sample 

buffer (which is non-reducing) and 5x reducing buffer (as just described) at a ratio of 

1:0.9:0.1. Samples were heat-treated at 96oC for 5 minutes and loaded (20µL per well) into 

4-20% Tris-HCl precast gels (NuSep). BenchmarkTM protein ladders (Invitrogen) were 

used. Gels were run at 175V/150mA for 45 minutes. SDS-PAGEs were stained using silver 

staining. 

Coomassie Staining

Gels were stained in Bio-Safe Coomassie stain (BioRad) for 1 hour at room temperature 

with rocking and then washed with several changes of mQH2O.

Silver Staining
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All steps were carried out at room temperature with gentle rocking. Gels were incubated in 

fixer (50% v/v methanol and 10% v/v acetic acid) for 30 minutes. Fixer was gradually 

removed by soaking the gel in methanol (5% v/v) and acetic acid (7% v/v) for 30 minutes 

and then washing with several changes of mQH2O, followed by overnight washing in 

mQH2O. The gel was sensitised by soaking in dithiothreitol (DTT, 5µg/mL) for 30 

minutes. DTT was removed and the gel immediately placed in silver stain (AgNO3, 0.1% 

w/v) for 30 minutes. The gel was washed rapidly in mQH2O and then twice with developer 

(3% w/v Na2CO3, 0.05% v/v formaldehyde) before soaking in developer until the desired 

level of staining was obtained. Development was stopped by placing the gel in acetic acid 

(5% v/v) for 10-20 minutes before washing with mQH2O. Gels were scanned to produce a 

digital image and then discarded.

3.3.8. Western Blot

For Western blot analysis proteins were transferred (110V, 1 hour) from SDS-PAGE gel 

onto a nitrocellulose membrane (Biorad). All proceeding steps were performed at room 

temperature and with gently rocking. 

Colorometric detection of the His6CM2R

The nitrocellulose membrane was blocked in 3% BSA (20mL, in PBS) for 1 hour. Rabbit 

anti-M2R antibody (2µL) was added directly to the blocking solution and incubated with 

the membrane overnight. The following morning the membrane was washed in TBST 

(20mM Tris, 500mM NaCl, pH7.5, 0.1% Tween-20 v/v) for 3 x 5 minutes, and then placed 

in alkaline phosphatase (AP) conjugated anti-Rabbit (1:20,000, in PBS containing 1% w/v 

BSA) for 1 hour. The membrane was washed in TBST (3 x 5 minutes) and then TMN 

pH9.5 (2 x 5 minutes), before being placed again in TMN pH9.5 (20mL). Nitro blue 

tetrazolium (66µL, 10mg/mL stock) and 5-bromo-4-chloro-3indolyl phosphate (660µL, 

50mg/mL stock) were added. After sufficient colour development the membrane was 

washed under running water for 2 minutes to stop development.

Chemiluminescent detection of His6CM2R and His10CH1R. 

All antibody dilutions were prepared in TBST.

The membrane was blocked in 3% BSA in TBS (20mM Tris, 500mM NaCl, pH7.5) 

overnight. This was followed by washing for 2 x 10 minutes in TBST and then incubation 

in either mouse anti-polyHistidine (1:5,000), rabbit anti-M2R (1:6,000, Abcam) or rabbit 
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anti-H1R for 2 hours. The membrane was washed for 3 x 10 minutes in TBST before being 

incubated with either HRP anti-mouse (1:15,000, ImmunStar, BioRad) or HRP anti-Rabbit 

(1:15,000, ImmunStar, BioRad) depending on the primary antibody, for 1 hour. The 

membrane was washed again for 3 x 10 minutes in TBST. The membrane was developed 

using the ECL plus Western Blot detection kit (Amersham) according to manufacturers 

instructions. Chemiluminescence was detected by BioMax photographic film (Kodak). The 

film was soaked in GBX developer (Kodak) for 1 minute, washed under running water (30 

seconds), soaked in GBX fixer (Kodak) and then washed under running water for 2 

minutes before overnight drying at room temperature. 

3.3.9. Solubilisation of His6CM2R containing Sf9 membranes

All steps were performed on ice or at 4oC.

Infected Sf9 cells (1.25L) containing the His6CM2R (as determined by [3H]-scopolamine

binding, chapter 2) were resuspended in 125mL of lysis buffer (50mM NaHEPES pH8.0, 

0.1mM EDTA pH8.0, 3mM MgCl2, 10mM β-mercaptoethanol and the protease inhibitors: 

200µg/mL PMSF, 300µg/mL benzamidine, 250µg/mL bacitracin, 300µg/mL soya bean 

trypsin inhibitor). Resuspended cells were subjected to Nitrogen cavitation (500psi, 15 

minutes). Cavitated cells were centrifuged (750xg, 10 minutes) to pellet unbroken cells and 

nuclei and the supernatant was re-centrifuged (100,000xg, 30 minutes) to collect the crude 

Sf9 membranes. The membrane pellets were resuspended in ~ 100mL of ‘muscarinic 

solubilisation buffer’ (20mM Trizma® base, 150mM NaCl, 5% w/v glycerol, protease 

inhibitors as above and 20µM of the muscarinic receptor inverse agonist atropine, pH7.4) 

to a final protein concentration of 3mg/mL as determined by the Bradford protein assay. 

The membrane suspension was split into 3 x 30mL aliquots and 10mM (final 

concentration) of DDM, CHAPS or (sodium) cholate added to each aliquot. Detergents 

were added from 90mM stocks making the final protein concentration at the solubilisation 

step ~2.7mg/mL. Membrane/detergent suspensions were rotated at 4oC for 2 hours and 

then centrifuged (100,000xg, 60 minutes, 4oC). A 1mL sample of the soluble supernatant 

was kept for analysis, the remainder of each soluble fraction (~ 25mL) was mixed with 

1mL of solubilisation buffer equilibrated HisLink resin (50% suspension, Promega). After 

overnight rotation at 4oC, a column was prepared of the soluble-protein/resin suspension 

and the flow through was loaded twice more on the column. The column was washed with 

solubilisation buffer (40mL) containing 5mM imidazole and the appropriate detergent and 

then eluted with five column volumes (500µL) of solubilisation buffer containing 500mM 
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imidazole. For columns that become blocked during washing a 10mL syringe, which fitted 

tightly to the top of the column, was used to apply the pressure required for flow through. 

Samples and fractions were snap frozen in liquid nitrogen and stored at -80oC.

For solubilisation of large scale cultures with DDM volumes were scaled accordingly. 

3.3.10. Solubilisation of His10CH1R

7M urea treated membranes (from 5L of cells, see chapter 2) were homogenised with 

125mL of ‘histamine solubilisation buffer’ (20mM Bis-Tris propane, 1M NaCl, 1mM 

Histidine, 10% (w/v) glycerol, pH7.6, 5mM β-mercaptoethanol and protease inhibitors as 

above). The H1R ligand triprolidine was added to a final concentration of 20μM and the 

suspension rocked gently at room temperature for 15 minutes. This concentration of ligand 

was maintained for the remainder of the purification protocol. Finely dispersed n-Octyl-β-

D-glucopyranoside (0.730g, nOG, Calbiochem) was gradually added to the suspension to a 

final concentration of 20mM. The suspension was rotated at 4oC for 2 hours and then 

centrifuged at 80,000xg for 15 minutes. The pellet was discarded and the slightly yellow 

and turbid supernatant was added to 10mL of ProfinityTM IMAC resin (50% suspension, 

BioRad) which had been equilibrated with solubilisation buffer. The resin/protein 

suspension was rotated at 4oC overnight. 

3.3.11. Immobilised Metal Affinity Chromatography (IMAC)

In early work described in this study, the His6CM2R IMAC was performed in the absence 

of a HPLC workstation. In later work (all large scale purifications) columns were 

connected to a BioLogic workstation (BioRad) allowing for control of column flow using 

the pump. Flow rate was set to maintain a constant but slow elution rate, generally a rate of 

1mL/min was used. For large scale His6CM2R purification, the IMAC column was washed 

with ‘muscarinic solubilisation buffer’ containing 5mM imidazole and then eluted with 10, 

20, 100, 200 and 500mM imidazole. This was later standardised to a two step process of 

5mM imidazole washing followed by 20mM imidazole elution of the receptor. For large 

scale His10CH1R purification, the IMAC column was washed with ‘histamine 

solubilisation buffer’ 10mM imidazole and eluted with a gradient of 20, 50, 100, 200, 500 

and 750mM imidazole. This was later standardised to a two step process of washing with 

50mM imidazole and eluting with 200mM imidazole.
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Fractions containing either His6CM2R or His10CH1R, as shown by SDS-PAGE with 

protein staining and/or Western blot, were pooled and concentrated using a centrifugal 

filter device with a 10kDa cut off (Amicon® Ultra, Millipore). These devices were always 

re-used (with the same receptor) to minimise loss of protein in the filter. Between uses they 

were stored in 30% (v/v) ethanol.

3.3.12. HPLC Sepharose-75 Gel Filtration.

Concentrated receptor containing IMAC fractions were further purified using high 

performance liquid chromatography (HPLC) on a Superdex-75 10/300 (Pharmacia 

Biotech/ GE Healthcare) gel filtration column (GF-HPLC). HPLC was carried out using a 

BioLogic HR Workstation and a Model 2128 Fraction Collector (both from BioRad). In 

addition to being a purification step, GF-HPLC allowed for buffer exchange of the protein 

into a more suitable buffer for crystallisation trials. This was particularly important for the 

His10CH1R due to the high salt concentration used in the solubilisation buffer. For the 

His10CH1R, GF-HPLC was carried out in ‘histamine gel filtration buffer’ (20mM Bis-Tris 

propane, 150mM NaCl, 10% w/v glycerol, 5mM β-mercaptoethanol, 20µM triprolidine, 

20mM nOG, pH7.6). For the His6CM2R ‘muscarinic gel filtration buffer’ (20mM Trizma® 

base, 150mM NaCl, 5% w/v glycerol, 20µM atropine, 5mM β-mercaptoethanol, 10mM 

DDM, pH7.4) was used. The column and lines were first washed with sMQH2O 

(0.2mL/min, 40 minutes) to remove storage ethanol and then equilibrated with the 

appropriate gel filtration buffer (0.2mL/min, 60 minutes). 500µL of IMAC purified 

receptor was injected in each GF-HPLC column. The flow rate during purification was 

0.2mL/min and 500µL fractions were collected after 5mL of flowthrough was discarded 

(void volume of the column is 6mL). An A280 and conductivity profile was prepared for 

each GF-HPLC run. 

3.3.13. Soluble protein binding assay

The assay protocol for soluble protein was developed based on published protocols which 

have been used with a number of solubilised membrane proteins (Brandt, et al., 2001; 

Schonwetter, et al., 1989; Sigel, et al., 1983). Assays were prepared as described in section 

2.3.5 (chapter 2). At the termination of the assay an equal volume of PEG 8-10K (30% w/v 

in TMN) was added to the assay. Assays were placed on ice for 20 minutes before being 

filtered over glass fibre filters (GF/B, Whatman) and washed with 3 x 3mL of ice cold 

PEG 8-10K (10% w/v in TMN). This process is referred to as PEG filtration.
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For H1R samples containing triprolidine (any samples after addition of nOG), dialysis was 

performed prior to [3H]-pyrilamine binding. Up to 100μL of the sample was added to a 

Slide-A-Lyzer mini dialysis unit with a molecular weight cut-off of 10kDa (Pierce). The 

dialysis tube was floated in 100mL of sample buffer, minus triprolidine. Buffer was 

changed once an hour for 4 hours with the sample being mixed after each buffer change. 

The buffer was changed 3 times (such that a total of 400mL was used for each sample). 

Samples were then assayed as described above. 
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3.4. Results and Discussion

3.4.1. Purification of the G-proteins

Detailed methods have been published for the purification of the membrane associated G-

protein subunits (Hayashi and Haga, 1996; Kozasa, 2004; Lim and Neubig, 2001). Since 

the proteins are peripheral membrane proteins and not integral membrane proteins, they 

were substantially easier to purify than the 7TMRs and published purification protocols 

were simpler to successfully reproduce. In this study, Sf9 cells were co-infected with hexa-

Histidine tagged Gαi1 (His6NGαi1), β1 and γ2 baculoviruses. G-proteins were extracted in 

the presence of GDP allowing the protein trimer to be immobilised on Nickel resin through 

the interaction of His6NGαi1 with the resin. Addition of Aluminium fluoride (AlF4
-) 

removed a protein of ~ 37kDa as shown by Coomassie stained SDS-PAGE (Figure 1, lanes 

3 and 4). This is the expected molecular weight of β1, γ2 was not generally visualised on 

SDS-PAGE due to its low molecular weight (8kDa). 

Imidazole elution of the column eluted a protein of ~41kDa, which is the expected 

molecular weight for His6NGαi1 (Figure 1, lanes 7 – 9). The imidazole eluted His-tagged 

protein was not homogeneous (purity was estimated 70 – 90%) but the purity was of 

sufficient standard for the reconstitution assays used in this study. Western blot analysis of 

the G-protein purification was not used in this study, but was later used by a fellow 

Figure 1. Coomassie stained SDS-PAGE (Criterion, BioRad) of IMAC purified G-proteins. Lane 
Descriptions: 1 – Kaleidoscope Molecular Weight Marker (5µL, BioRad); 2 – 6 AlF4

- eluted fractions 1 – 5; 
7 – 10 imidazole eluted fractions 1 – 4. 20µL of sample was loaded per well.  

      1         2       3        4        5        6         7        8       9       10         
85kDa

41kDa

34kDa
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laboratory member, Ms Tamara Cooper (CSIRO MHT), to confirm the presence of the G-

proteins.

3.4.2. Characterisation and Purification of the His10CH1R

Characterisation (G-protein coupling) and purification experiments performed on the 

His10CH1R are summarised in Figure 2. Each of these steps is discussed in the proceeding 

sections. Although purification of the His10CH1R has been reported (Ratnala, et al., 2004), 

the purification method reported here is different to that published.

3.4.3. Reconstitution of the H1R with purified G-protein subunits

Prior to reconstitution with G-proteins, urea-treated membranes containing the His10CH1R 

were prepared since urea-treatment removes endogenous G-proteins. Since this step also 

acts as a receptor purification step, it will be discussed later in this chapter (refer to section 

3.4.6). The Gαq and Gαo protein used in this study were purified by Dr Olgatina Bucco 

(AusBiotech, formerly CSIRO).

In the cell the H1 histamine receptor signals through Gαq (Bakker, et al., 2002). Sf9 

membranes containing the His10CH1R histamine receptor (see chapter 2) could be 

functionally reconstituted with purified Gαq and β1γ2 as demonstrated by a 1.8 fold 

increase in [35S]-GTPγS binding in the presence of the receptor agonist histamine (Figure

3B). Addition of both histamine and pyrilamine (a receptor antagonist/inverse agonist) 

IMAC

Gel Filtration (Superdex-75)

Isolation of cell membranes and 7M Urea Treatment

nOG solubilisation

in the presence of triprolidine

Ligand binding

Western Blot – anti-Histidine, anti-H1R

Ligand Binding

Western Blot – anti-Histidine, anti-H1R

Figure 2. Flow diagram of the steps used for purification of the His10CH1R

G-protein coupling

[35S]-GTPγS assay

Development 

of purification 

protocols
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returned [35S]-GTPγS binding to near basal levels and demonstrated that the increase in 

[35S]-GTPγS binding was receptor specific (Figure 3C).

His10CH1R could also be functionally reconstituted with Gαo and Gαi1 (Figures 4A/B and 

5A/B). In the presence of histamine, [35S]-GTPγS binding to the reconstituted proteins 

increased by 1.5 (Gαo, Figure 4) or 7.5 fold (Gαi1, Figure 5) compared to the binding of the 

radionucleotide in the absence of receptor ligand. [35S]-GTPγS binding returned to near 

basal levels when both histamine and pyrilamine were included with the reconstituted 

proteins (Figure 4C and 5C).

Figure 3. Reconstitution of Sf9 membranes containing His10CH1R with purified Gαq and β1γ2. Bars represents 
[35S]-GTPγS binding to reconstituted proteins in (A) the absence of receptor ligand; (B) the presence of the 
receptor agonist histamine; (C) in the presence of histamine and the receptor inverse agonist pyrilamine. Data 
represents the mean ± S.E.M., n = 3.
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Figure 4. Reconstitution of Sf9 membranes containing His10CH1R with purified Gαo and β1γ2. Bars 
represents [35S]-GTPγS binding to reconstituted proteins in (A) the absence of receptor ligand; (B) the 
presence of the receptor agonist histamine; (C) in the presence of histamine and the receptor inverse 
agonist pyrilamine. Data represents the mean ± S.E.M., n = 3.
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Interaction of the His10CH1R with G-proteins produced variable quantities of [35S]-GTPγS 

binding (in particular, compare Figures 3 and 4 to Figure 5). Measurement of [35S]-GTPγS 

binding to purified Gα proteins in the absence of receptor gave a partial explanation for the 

observation of variable [35S]-GTPγS binding in the receptor/G-protein reconstituted system 

(Figure 6). In this experiment the G-protein concentration was increased to 50nM (from 

20nM which was used in the reconstitution assays) to enable detectable quantities of [35S]-

GTPγS to become bound to the G-protein subunit, particularly for the case of Gαq and Gαo. 

Hence, the total [35S]-GTPγS binding appears higher than results presented in Figures 3, 4 

and 5.  In the absence of receptor, [35S]-GTPγS binding to His6NGαi1 was 5.0 fold higher 

than that to Gαq and 3.6 fold higher than [35S]-GTPγS binding to Gαo. This suggests that it 

is, at least in part, the Gα proteins themselves that lead to the observed differences in the 

fold increase of [35S]-GTPγS binding in the His10CH1R/G-protein reconstitution assays. 

For example Gαi can more readily exchange GDP for GTP than can Gαq. Alternatively, the 

purified His6NGαi1 preparation may simply have a higher percentage of functional protein 

than the Gαo or Gαq preparations.
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Figure 5. Reconstitution of Sf9 membranes containing His10CH1R with purified His6NGαi1and β1γ2. Bars 
represents [35S]-GTPγS binding to reconstituted proteins in (A) the absence of receptor ligand; (B) the 
presence of the receptor agonist histamine; (C) in the presence of histamine and the receptor inverse agonist 
pyrilamine. Data represents the mean ± S.E.M., n = 3.
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However, as well as being higher than [35S]-GTPγS binding to Gαo or Gαq, the total 

amount of [35S]-GTPγS bound to histamine activated His6NGαi1 is higher than that bound 

to His6NGαi1 which was activated by M2R (results presented in section 3.4.12). This 

suggests that receptor interaction with the G-protein also plays some part in the amount of 

[35S]-GTPγS bound to the different Gα subunits.

In one report H1R expressed in HL-60 monocytes was shown to be involved in pertussis-

toxin sensitive increases in calcium influx, suggesting the involvement of Gαi proteins 

(Seifert, et al., 1994). Wang and Kotlikoff, (2000) used antibodies directed to Gαi to show 

involvement of the G-protein in H1R activation of non-selective cation channels. 

Interestingly, activation of these channels also required interaction of the H1R with Gαq

proteins and subsequent intracellular calcium release (Wang and Kotlikoff, 2000). 

However, the majority of reports show a role for H1R only in pertussis-toxin insensitive 

signalling (Fitzsimons, et al., 2004; Leopoldt, et al., 1997; Maruko, et al., 2005). For 

example, studies with the H1R expressed in CHO cells have reported involvement of the 

receptor in increases in cellular cAMP, calcium and inositol phosphate concentrations, all 

of which were pertussis-toxin insensitive (Moguilevsky, et al., 1994). Furthermore, an 

interaction of H1Rs with Gαo proteins has not previously been reported. The relevance of 

the in vitro results presented here to the in vivo interactions of the H1R remains to be 

determined but they may play a role in the explanation of histamine receptor physiological 

functions as future studies reveal new roles for the receptor.
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Figure 6. [35S]-GTPγS binding to Gα proteins in the absence of receptor. 50nM of G-protein subunit was 
combined with 0.2nM [35S]-GTPγS and incubated at 27oC for 90 minutes with shaking. Data represents the 
mean ± S.E.M., n = 3.
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Interaction of the His10CH1R with the G-proteins in combination with work presented in 

chapter 2 confirmed the presence and functionality of the H1R in the Sf9 membranes. 

Furthermore, the high expression levels of the receptor (chapter 2) made it a useful 

receptor on which to develop protocols for purification of 7TMRs. Development of 

protocols for detection of the receptor throughout the purification was particularly difficult 

since the purification protocol itself was being developed i.e. there was no positive control 

to enable definitive analysis of the effectiveness of a detection/purification protocol (such 

as Western blot or assays for detergent solubilised proteins).

3.4.4. Optimisation of chemiluminescent Western blot of 7TMRs

Preliminary work with the His10CH1R used Western blot for detection of the receptor since

this method was initially more straight-forward than developing a radioligand binding 

assay amenable to the various stages of receptor purification. For this purpose protocols for 

Westerns using chemiluminescent detection were developed, as opposed to using 

colormetric detection as was standard in the laboratory at the time. Colormetric detection is 

around 10x less sensitive than chemiluminescent detection (information from BioRad 

“Guide to Blot Detection”). Furthermore, chemiluminescent films are more amenable to 

digital scanning since faint colour signals may be difficult to visualise when the blot is 

scanned and printed. Use of horse radish peroxidise (HRP) conjugated antibodies and 

chemiluminescence detection increases sensitivity to around 100x over that which can be 

achieved with colourimetric alkaline phosphatase conjugated secondary antibodies, and 

allows for detection of protein quantities as low as 1pg. The ability to detect such small 

quantity of protein was a prerequisite in this study since receptor quantities would be 

minimal and therefore sensitive detection methods require less protein to be used. 

Considerable effort was put into finding the optimal conditions for Western blot of the 

receptor samples – which ranged from membranous impure samples to pure detergent 

solubilised receptor. Transfer conditions (from gel to nitrocellulose) were fairly standard at 

110V for one hour. Initially 0.1% (w/v) SDS was incorporated in the transfer buffer but 

this was later deemed as unnecessary. The cost of bovine serum albumin (BSA) made skim 

milk powder a desirable alternative for blocking of the nitrocellulose membrane, but for 

the antibodies used in this study at least, BSA proved a more effective blocking agent 

(Figure 7). Western blot conditions for the anti-polyHistidine antibody were determined by 

experimenting with purified His6NGαi1. Serial dilutions of His6NGαi1 (1µL) and 

membranes prepared from M2R baculovirus infected Sf9 cells (1µL) were spotted directly 
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onto a nitrocellulose membrane. Membranes were blocked in either 5% skim milk powder 

(Figure 7A) or 3% BSA (Figure 7B and 7C). Following washing, the membranes were 

incubated with either a 1:1000 dilution (Figure 7A and 7B) or a 1:5000 dilution (Figure

7C) of anti-polyHistidine antibody. This was followed by washing of the membrane and 

then incubation in either a 1:5000 dilution (Figure 7A and 7B) or 1:20000 dilution (Figure

7C) of HRP-anti-Mouse. Under these conditions, skim milk powder was not as effective as 

BSA in blocking the membrane from non-specific binding (compare Figure 7A and 7B). 

The results of this experiment meant that BSA was used as the blocking agent for all 

subsequent blots with overnight blocking always giving the best results. Reduction in non-

specific anti-polyHistidine antibody binding was optimised by finding Western conditions 

which allowed detection of the purified His6NGαi1 but did not show binding of the 

antibodies to Sf9 membranes which contained M2R, Sf9 cell and baculoviral proteins. 

Antibody concentrations of 1:5000 for the primary antibody and 1:20000 for the secondary 

antibody fulfilled this requirement (Figure 7B and 7C). Titration of the His6NGαi1 gave a 

sensitivity level for the antibodies (under the conditions described) of between 4 and 8ng 

of His-tagged Gα (Figure 7C and 7D).

Figure 7. Anti-Histidine dot blot using purified Gαi1-His and Sf) membranes. (A) Membrane blocked with 
5% skim milk powder, 1:1000 anti-Histidine, 1:5000 HRP-anti-Mouse. (B) Membrane blocked with 3% 
BSA, 1:1000 anti-Histidine, 1:5000 HRP-anti-Mouse. (C) Membrane blocked with 3% BSA, 1:5000 anti-
Histidine, 1:20000 anti-Mouse. (D) schematic of dot blot membranes showing nano-gram quantities of 
protein applied to the membrane.
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Since there was no purified positive control for the anti-H1R antibody, the optimal 

antibody concentration was determined by testing a wide variety of antibody 

concentrations and H1R samples and observing Western blots with minimal background. 

Ultimately the conditions developed for the anti-polyHistidine worked with the anti-H1R 

(Figure 8B) and the anti-M2R when these primary antibodies were used at a 1:6000 

dilution.

3.4.5. Development of an assay for soluble His10CH1R 

To this point, the His10CH1R was described as functional by a combination of the [3H]-

ligand binding assay (chapter 2) and the ability of the receptor to functionally interact with 

the G-proteins (refer to section 3.4.3). For purification of the His10CH1R, functionality of 

the receptor is defined only by the ability of the receptor to bind [3H]-pyrilamine. Though 

this is a common definition during purification of 7TMRs (Grisshammer, et al., 1999; 

Kobilka, 1995; Ratnala, et al., 2004), ideally future work should examine the interaction of 

purified His10CH1R with the G-proteins. 

In chapter 2, detection of functional 7TMRs was achieved by [3H]-ligand binding filtration 

assays, which is a simple method for detection of the receptors. An initial difficulty 

encountered when purifying 7TMRs is determining a simple method for detecting soluble 

functional receptor, since soluble receptor will pass through the filter using the 

conventional assay. This can be achieved either by adaptation of the normal filtration 

Figure 8. Development of the Western blot for the His10CH1R. Anti-H1R was used at a concentration of 
1:6,000 in combination with conditions developed for the anti-polyHistidine antibody (Figure 16). A protein of 
between 50 and 75kDa in an IMAC purified sampled was detected using both anti-polyHistidine (A) and anti-
H1R antibodies (B) and is circled.

(A) (B)
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assay, or by alternate methods such as scintiplate assays, scintillation proximity assay 

(SPA) beads, or more complex methods such as surface plasmon resonance (Harding, et 

al., 2007). Scintiplate or SPA assays use capture of the radioligand bound soluble receptor 

to a scintillant containing source (plate or bead). [3H] detection then relies on proximity of 

the receptor bound radiolabel to the scintillant. A scintiplate assay has been reported for 

use with soluble α2B adrenergic receptor (Sen, et al., 2002). However this technique is 

lengthy and requires the use of expensive antibodies and therefore was not used. SPA 

beads require the receptor to be either glycosylated (for use with wheat germ agglutinin 

SPA beads) or biotinylated (streptavidin beads) or an antibody to be available for 

functionalisation of the SPA beads. Availability of Nickel presenting SPA beads may have 

been useful, but these were not found during this study. Filtration of radioligand binding 

assays over glass fibre filters is a simple method of capturing membrane associated 

receptor whilst separating bound [3H]-ligand from free and it relies on the large 

lipid/protein clumps being trapped by the small pore size of the filter. Adaptation of the 

[3H]-ligand filtration assays must meet the requirement of capturing soluble receptor 

whilst, at the same time, separating bound radioligand from free. Two methods are 

commonly reported for modification of the filtration binding assay for specific capture of 

radioligand bound soluble receptor – polyethylenimine (PEI) treatment of the glass fibre 

filters prior to their use in assay filtration (Ratnala, et al., 2004; Treherne and Young, 

1988), or PEG precipitation of the radioligand binding assay (and theoretically the 

solubilised protein) followed by washing of the filters with PEG (Brandt, et al., 2001; 

Harding, et al., 2007; Schonwetter, et al., 1989). In this study, PEG precipitation was used 

for radioligand binding assays on soluble proteins.

An important lesson learnt from the work of Ratnala, et al., (2004) was the incorporation of 

a H1R ligand during, and in all steps following, detergent addition to the membranes. 

Intuitively the ligand stabilises the structure of the receptor, an important property during 

removal of the receptor from the natural membrane environment. Ideally a labelled ligand 

would be incorporated during receptor solubilisation and purification, allowing for 

simultaneous tracking and stabilisation of the receptor throughout. However this was not 

deemed as viable in this study due to a desire to contain the use of [3H] and, additionally, 

due to the high cost involved in incorporating radioligand through out large scale 

purification. Failing the use of a labelled ligand, incorporation of the ligand throughout the 

purification is somewhat hinderous since it must be removed prior to detecting receptor 
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levels using binding of a labelled ligand. In this case, it would be desirable to incorporate a 

ligand with relatively low affinity for the receptor throughout the purification protocol but 

of course this decreases the effectiveness of the ligand for its original purpose of receptor 

stabilisation. In this study the high affinity H1R antagonist triprolidine was incorporated 

throughout the purification protocol. 

Thus, two problems needed to be overcome to enable detection of the 7TMR throughout 

the purification – removal of the ligand used for receptor stabilisation during purification 

and capture of the solubilised [3H]-ligand bound receptor whilst allowing removal of 

unbound radioligand. The later of these problems was investigated by solubilisation of the 

His10CH1R in the absence of triprolidine, this allowed for some verification of receptor 

presence and determination of the appropriateness of PEG filtration for capturing soluble 

receptor (Figure 9). 

PEG precipitation and filtration of membrane associated His10CH1R did not change the 

amount of [3H]-pyrilamine bound compared to normal filtration (compare Figure 9C and 

9D). Nor was free radioligand retained during PEG filtration (results not shown). 

Encouragingly a ~3 fold increase in specific [3H]-pyrilamine binding was observed when 

PEG filtration was used on detergent soluble proteins extracted from His10CH1R 

containing membranes, as compared to the same assay filtered in the absence of PEG 

(compare Figure 9A and 9B). This suggests both the presence of the histamine receptor in 

the soluble fraction and the ability of the PEG filtration method to capture soluble receptor. 

Figure 9. PEG filtration for capture of soluble His10CH1R. His10CH1R Sf9 membranes were solubilised in the 
absence of triprolidine. [3H]-pyrilamine bound was determined at 60nM [3H]-pyrilamine (free). Error bars are 
for assay duplicates. (A) Soluble fraction, assay filtered with PEG; (B) Soluble fraction, TMN filtration; (C) 
His10CH1R membranes, assay filtered with PEG; (D) His10CH1R membranes, assay filtered with TMN. Non-
specific binding was ≤ 15%.
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Furthermore, at 37pmol/mg of total protein it suggests that approximately 53% of the 

His10CH1R has been solubilised with the caveat that it is difficult to quantify whether all 

the soluble protein is being captured by PEG precipitation and filtration. An alternative is 

the use of gel filtration to remove free-radioligand and so avoid the possibility of lost 

soluble receptor in the assay using the filtration technique. GF-HPLC or other methods on 

this scale are completely in-practical when working with such small quantities of protein, 

but it has since been discovered that there are available mini-gel filtration columns which 

may be useful for performing radioligand binding assays with soluble receptor.1 These 

columns will be trialled with purified His10CH1R in future work.

The problem of detection of receptor purified with ligand was demonstrated by the 

experiment presented in Figure 10.

Detergent (nOG, see section 3.4.7) was added to His10CH1R containing membranes 

(membrane/detergent suspension was not centrifuged). A sample was taken and 

immediately proceeding this, triprolidine was added to a final concentration of 20µM and 

another sample taken. Both samples were dialysed against solubilisation buffer which did 

not contain triprolidine (as described in methods section 3.3.13), and then used in a [3H]-

pyrilamine binding assay with PEG filtration. Thus the samples are identical with the 

exception of the added triprolidine in one sample, yet [3H]-pyrilamine binding decreased 

by ~8 fold in the sample containing unlabelled ligand. That binding in the triprolidine 

containing sample was evident suggests either, that some receptors have lost bound 

                                               
1 Micro Bio-Spin chromatography columns, available from BioRad, Cat# 732-6204 as at February 2008.

Figure 10. Specific [3H]-pyrilamine binding to His10CH1R membranes in the presence of (A) nOG; (B) nOG 
plus 20µM triprolidine. Error bars represent assay duplicates. 50nM of (free) [3H]-pyrilamine was used.
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triprolidine in exchange for [3H]-pyrilamine (though the concentration of triprolidine used 

was saturating), or it may simply represent non-specific binding of the radioligand. Ideally 

a large molar excess of [3H]-pyrilamine would be used in the assay though this approach is 

difficult since the purchased stock concentration was approximately 25µM. Despite this 

limitation, in one experiment 8.2µM (final concentration) of the radioligand was used in a 

9 hour incubation with purified His10CH1R, in an attempt to at least partially out compete 

the bound triprolidine (Figure 11). The PEG filtration method was used to capture the 

soluble receptor.

In this case non-specific radioligand binding is defined as that which is detected in the 

absence of purified receptor (Figure 11B). At such high radioligand concentration, non-

specific association of [3H] with the filter was high, but it appears that at least some 

receptor has captured [3H]-pyrilamine (Figure 11A).

Whilst the ability to capture soluble receptor was demonstrated, the problem of removing 

or out competing receptor bound ligand used during purification was not resolved. 

Preliminary purification experiments for both the muscarinic and histamine receptors 

carried out in the absence of ligand did not result in receptor detection using Western blot 

analysis after the IMAC step. This is interesting since Western blot should detect both 

functional and non-functional receptor (as long as the antibody epitope is present). It 

confirms the pivotal role the presence of ligand plays during receptor purification.
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Figure 11. [3H]-pyrilamine binding to purified His10CH1R. (A) Radioligand detected in the presence of 
His10CH1R (0.5µg) ; (B) radioligand detected in the absence of His10CH1R. [3H]-pyrilamine concentration 
was 8.2µM (15µL filtered), which corresponded to 8,573,374 dpm in each assay. Bars represent duplicate 
assays
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Whilst the soluble assay was being developed, purification trials with the His10CH1R were 

ongoing with Western blot being used to assess for the presence of the His10CH1R. As time 

limitations became an issue, it was decided that incorporation of a high affinity ligand 

during purification was more important then the ability to detect all functional receptors. It 

was a conundrum - incorporate high affinity ligand for receptor stabilisation and it is 

difficult to remove the ligand, or purify without the ligand and produce inactive receptor. 

So whilst [3H]-pyrilamine binding assays were carried out on the solubilised and final 

His10CH1R, it is unlikely a true representation of functional receptor amounts. For these 

reasons, the focus of H1R work was the end point – obtaining purified receptor in a manner 

that would maximize the possibility of retaining functional receptor. The strategy was the 

incorporation of the inverse agonist triprolidine, low temperature and a rapid protocol. In 

hindsight it would have been beneficial to screen for receptor ligands which both stabilised 

the receptor but could also be readily removed. In this regard, tripelennamine may have 

been useful as described in the work of Ratnala, et al., (2004). A preliminary purification 

experiment using this ligand did not result in the isolation of His10CH1R, whilst a duplicate 

experiment with triprolidine did. Once the purification experiment was successful, there 

was a reluctance to change the protocol. A useful approach, avoiding the use of expensive 

and potentially hazardous labelled ligands throughout the purification would be the use of 

allosteric ligands or other binding partners for the receptor, i.e. compounds which have 

high affinity to the receptor but do not bind to the (orthosteric) ligand binding site. 

Allosteric ligands have been well documented for the M2R (May, et al., 2005) and are 

likely also available for the H1R. Alternatively, small receptor targeting peptides may be 

useful in this regard. CADEN Biosciences (Wisconson, United States) develops high 

affinity G-protein based peptides to the intracellular loops of 7TMRs. Having ligands to 

two distinct sites on the receptor would enable one ligand to be incorporated throughout 

the purification and the other to be labelled and used for detection. 

3.4.6. 7M urea treatment of His10CH1R membranes

In addition to removing endogenous Sf9 cell G-proteins, the 7M urea treatment method 

used in this study enriches for membrane associated receptor and, as such, was the first 

step used for purification of the receptor. This is demonstrated by an increase in specific 

[3H]-pyrilamine binding per mg of total protein (Figure 12).
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Although 7M urea treatment method is a purification step, there can be substantial losses 

(up to 40%) of total receptor, as determined by [3H]-pyrilamine binding. Since the cells are 

at least partially lysed (due to the freezing process), [3H]-pyrilamine binding measurements 

at this stage would detect all H1 receptors including intracellular, partially folded or 

fragmented receptors (which may still be capable of binding ligand (Ratnala, et al., 2004)). 

Hence the loss of total receptor may represent the loss of receptors that are fragmented and 

may be more susceptible to removal by 7M urea. The higher starting expression of the 

His10CH1R allowed for some receptor loss, but with future developments to the 

purification protocol, it may prove advantageous to remove/modify this step, giving a 

higher final yield. (This was trialled once in this study but without exceptional success and, 

due to time limitations, was not examined further). 

3.4.7. Solubilisation of the His10CH1R

As opposed to the approach used with the His6CM2R (refer to section 3.4.13), for the 

His10CH1R very little time was spent on optimisation of the solubilisation step due firstly 

to the detailed report of (Ratnala, et al., 2004), secondly to early success with n-octyl-β-D-

glucopyranoside (nOG), and thirdly, the time limitations of the study. Ratnala, et al., 

(2004) tested six detergents for their ability to solubilise His10CH1R from Sf9 cells and 

reported 40-50% solubilisation of H1R using N-dodecyl-β-D-maltoside (DDM), whilst n-

nonyl-β-D-glucopyranoside (nG) achieved only 30-35% solubilisation efficiency. Whilst in 

Figure 12. [3H]-pyrilamine binding to Sf9 cell lysates and 7M urea treated membranes from 2 His10CH1R 
cell cultures. (A) 1: [3H]-pyrilamine binding to Sf9 cell lysates; 2: [3H]-pyrilamine binding to 7M urea 
treated membranes. (B) As for (A), assays were performed on a different cell culture of the receptor.
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this study some preliminary His10CH1R solubilisation experiments were performed with 

DDM, nOG was initially trialled in a complete purification due to the availability of the 

detergent from a previous study, and because of its significantly lower cost compared to 

DDM. Furthermore, nOG has a high CMC (20 – 25mM) allowing for efficient detergent 

removal by dialysis. Since nOG solubilisation followed by IMAC produced His10CH1R in 

a preliminary study, this detergent was routinely used for solubilisation. The solubilisation 

buffer components used in this study were kept similar to those reported in Ratnala, et al., 

(2004), with the exception that the glycerol concentration was decreased to 10% (w/v) 

since the reported glycerol concentration (20% w/v) was found to be difficult to work with, 

particularly in regards to the chromatography steps. Solubilisation time was increased to 2 

hours.

3.4.8. Histidine Nickel Affinity Chromatography

The nOG soluble fraction was incubated overnight (at 4oC) with IMAC resin to allow 

sufficient time for binding of the C terminal deca-Histidine tag to the nickel resin. Washing 

of the IMAC column with 100mM imidazole eluted 2 proteins of between 50 and 75kDa 

(Figure 13A). The smaller of the two proteins was detected on anti-polyHistidine (Figure

13B) and anti-H1R (Figure 13C) Western blot.

Thus the higher molecular weight protein does not appear to be glycosylated His10CH1R 

since it is not detected by either the anti-Histidine or anti-H1R anitbodies. Through the 

several large scale purifications done during this study, this band was seen on more than 

one occasion (but not consistently) in SDS-PAGE gels of IMAC fractions, however, it was 

(A)

75kDa
50kDa

(B) (C)

Figure 13. IMAC purification of the His10CH1R. (A) Silver stained SDS-PAGE (Criterion, BioRad); (B) anti-
polyHistidine Western blot; (C) anti-H1R Western blot. Red lines represent the position of a 75 and 50kDa 
protein. The SDS-PAGE used for the Western blots had a longer resolving time and so proteins have migrated 
further.
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never detected by Western blot. The identity of this larger protein remains unclear but it 

may in some way be related to the receptor.

Initial IMAC experiments with solubilised His10CH1R used an imidazole concentration 

gradient of between 10 and 750mM imidazole for elutions. However, after determination 

of the imidazole concentration at which His10CH1R began to elute (Figure 13A), a two step 

elution protocol was adopted to decrease the time spent on this purification step. The 

column was washed with 30 void volumes of 50mM imidazole and then eluted with 

250mM imidazole and fractions (2 – 3x void volume) collected (Figure 14). Elutions of the 

column with 500mM imidazole did not show the presence of His10CH1R, suggesting the 

receptor was completely eluted using 250mM imidazole. This is consistent with the work 

of Ratnala, et al., (2004) who report elution of the His10CH1R from IMAC using 100mM 

imidazole.

Increasing incubation time of the soluble proteins with the resin from 24 to 48 hours 

resulted in His10CH1R elution at concentrations greater than 250mM (Figure 15) and an 

estimated increase in total yield, but this was not used routinely due to a desire to keep the 

purification protocol rapid in order to preserve functional receptor.

Figure 14. Silver stained SDS-PAGE (NuSep) of imidazole eluted IMAC fractions. (A) Lane Descriptions: 1 –
BenchMark Marker (3µL, Invitrogen); 2-5 – 50mM imidazole wash; 6-10 – 100mM imidazole elutions. (B) Lane 
Descriptions: 1 – BenchMark Marker (1.5µL, Invitrogen); 2-4 – 250mM imidazole elutions; 5-7 – 500mM 
imidazole wash; 8-10 – 750mM imidazole wash. 15µL of sample was loaded per well. 
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Fractions containing the His10CH1R, as determined by SDS-PAGE, were pooled and 

concentrated in preparation for gel filtration. In initial purifications, Western blot analysis 

was used to confirm the presence of receptor at this stage. In later experiments only SDS-

PAGE was used and Western blot was performed following the next purification step (GF-

HPLC).

3.4.9. Gel Filtration HPLC

As well as providing a final purification step, GF-HPLC allowed for buffer exchange of 

the protein to a simple, low salt buffer which would be more compatible with 

crystallisation trials. A protein which elutes as a single peak from a gel filtration column is 

highly desirable (if not essential) for crystallisation of the protein. The purity of 

His10CH1R from GF-HPLC, as shown by the GF-HPLC absorbance profile, did vary but 

SDS-PAGE was used to confirm a protein purity of greater than 90%, prior to use of the 

protein in crystallisation trials. The exact volume at which His10CH1R eluted from the 

Superdex-75 column also varied but this was believed to be due to difficulties in running 

the GF-HPLC at high detergent concentrations; (bubbles in the column lines/absorbance 

reader can affect the perceived elution volume of the protein).  Typically the His10CH1R 

eluted between fractions 11 to 17 of the GF-HPLC (Figure 16, boxed). 

Figure 15. Silver stained SDS-PAGE (NuSep) of imidazole eluted IMAC fractions following 48 hours 
incubation of soluble protein with Nickel resin. Lane Descriptions: 1 – BenchMark Marker (1.5µL, 
Invitrogen); 2-4 – 250mM imidazole elutions; 5-9 – 500mM imidazole elutions. 15µL of sample was loaded 
per well.
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At a flow rate of 0.2mL/min and an estimated elution time of 47 – 62 minutes, the 

predicted molecular mass of these fractions is between 32 and 12kDa which is 

substantially lower than the SDS-PAGE observed size of the protein (Figure 17, lane 8). 

On one occasion during this study, the receptor eluted substantially later from the 

Sepharose-75 column (Figure 18) but still appeared at between 50 and 60kDa on an SDS-

PAGE gel (results not shown). Results in Figures 16, 17 and 18 may suggest that the 

receptor is interacting with the Sepharose-75 resin, which can particularly occur if the 

protein is glycoslated. The observed weight of the His10CH1R on SDS-PAGE (and in 

results presented in Figure 13) do not suggest the receptor is glycosylated under the 

expression conditions used in this study, though work by Sansuk, et al., (2008) has 

Figure 17. Silver stained SDS-PAGE of fractions from GF-HPLC. Lane Descriptions: 1 – BenchMark 
Marker (2µL, Invitrogen); 2 –fraction 1; 3 – fraction 3; 4 – fraction 5; 5 – fraction 7; 6 – fraction 9; 7 –
fraction 11; 8 – fraction 13; 9 – fraction 15; 10 – fraction 19. 10µL of sample was loaded per well.

    1         2           3         4         5         6         7         8         9         10

60kDa

50kDa

Figure 16. GF-HPLC A280 profile for chromatography of concentrated IMAC fractions containing 
His10CH1R. Flow rate was 0.2mL/min, 500µL fractions were collected.
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demonstrated that baculovirus/insect cell produced H1R shows in homogenous 

glycosylation at Asn5. However, given the variety of profiles that were observed during 

this study and the comments previously discussed regarding the use of detergent in the GF-

HPLC, the profiles may simply be due to technical problems with this chromatographic 

step.

If a first run of GF-HPLC did not produce His10CH1R of sufficient purity for 

crystallisation (for example, Figure 17, lane 8), fractions containing the receptor were 

pooled and run again on the Superdex-75 column to produce a single band on SDS-PAGE 

and anti-H1R Western blot (Figure 19B and 19C).

Figure 18. GF-HPLC A280 (green) and conductance profile (red) for chromatography of concentrated 
IMAC fractions containing His10CH1R. Flow rate was 0.2mL/min, 500µL fractions were collected.

Figure 19. (A) GF-HPLC A280 profile for chromatography of concentrated IMAC fractions containing 
His10CH1R. (B) Silver stained SDS-PAGE of fractions from GF-HPLC. Lane Descriptions: 1 – BenchMark 
Marker (2µL, Invitrogen); 2 – fraction 2; 3 – fraction 10; 4 – fraction 13; 5 – fraction 17. 10µL of sample 
was loaded per well. (C) anti-H1R western blot of GF-HPLC purified His10cH1R.
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Of course with each additional purification step, the yield of the receptor is decreased, and 

this must be considered when modifying the purification. For the purpose of this study 

pure protein was of the utmost importance, increase in yield could be achieved by 

repeating the purification process. On one occasion ion exchange chromatography 

(MonoQ) was used to produce pure His10CH1R but, although successful, was not further 

utilised in this study since the same results could be obtained using GF-HPLC. 

Fractions containing pure H1R, as determined by SDS-PAGE and Western blot, were 

pooled and concentrated to ~5mg/mL. Receptor to be used within 3 days was frozen at -

20oC. For longer term storage, His10CH1R was rapidly frozen in liquid nitrogen and stored 

at -80oC. 

3.4.10. Yield and Functionality of the His10CH1R

The difficulties in detecting soluble functional receptor have been discussed in detail in 

section 3.4.5. A summary of estimated quantities of functional receptor from a typical 

purification from 5L of Sf9 cells, in combination with results presented in section 3.4.5 are 

given in Table 1.

Sample C represents binding to receptor solubilised in the absence of triprolidine which, 

under these conditions indicates that approximately 53% of functional His10CH1R is being 

solubilised from the urea treated membranes. From purification of 5L of Sf9 cells, 1mg of 

His10CH1R was obtained as determined by absorbance measurement. When incubated with 

8µM of [3H]-pyrilamine, a specific activity of 558pmol/mg of total protein was calculated 

for the purified His10CH1R (Table 1, sample E), corresponding to 0.03mg of functional 

Sample pmol/mg mg functional H1R

(A) UT membranes                           55                                              3.85

(B) nOG soluble                               4.5                                              0.25

(D) nOG insoluble                            2                                                0.04

(E) Purified His10CH1R                   558                                     0.03   

Table 1. Estimated functional quantities of His10CH1R as determined by [3H]-pyrilamine binding. Samples 
from (B) onwards were prepared in the presence of triprolidine, unless otherwise stated (C). UT = urea 
treated 

(C) nOG soluble, no triprolidine      37                                               2.03
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receptor and a value of 3% functional receptor in the final purified sample. However with 

the limitations of the assay measurement, the relevance of this value is difficult to 

determine. Undoubtedly functional receptor is lost during the purification protocol, but the 

exact extent to which this occurs was not definitively determined in this study. 

Unfortunately reports of pmol/mg ligand binding activities during 7TMR purification are 

discouragingly scarce. Two notable exceptions are purification reports of the β2 adrenergic 

receptor (Chelikani, et al., 2006; Kobilka, 1995) and of the neurotensin receptor 

(Grisshammer, et al., 1999) for which extensive reports have been written. Some reports 

give “dpm” (disintegrations per minute, of the radioligand) values as a representation of 

receptor functionality but with the absence of quantity (µg) of protein in the assay and 

specific activity of the radioligand used, these values mean little in regards to the yield of 

functional receptor. Others report pmol/mg values but are not so ready to quantify the % of 

functional receptor (Hayashi and Haga, 1996) or report only EC50 values for the ligand 

interaction with the receptor binding site (Furukawa and Haga, 2000). For a receptor of 

55kDa, assuming one site ligand binding, the value for activity of 100% functional and 

pure protein is calculated to be 18181pmol/mg (18nmol/mg). However, no reports exist for 

purified M2R or H1R exhibiting such activity following the purification steps required. 

Hayashi and Haga, (1996) reported purification of a mutant M2R to specific activity of 

1.6nmol/mg (~5% functional for the ~32kDa mutant). Peterson, et al., (1995) purified 

porcine M2R from CHO cells to a specific activity of 12nmol/mg (67% functional), they 

were particularly fortunate to have a starting expression of 51pmol/mg (which is 

particularly high for the M2R). Ruat, et al., (1992) solubilised H1R from guinea pig 

cerebellum to a specific activity of 220fmol/mg (<< 1% functional) but did not report 

activity following further purification. Ratnala, et al., (2004) report recovery of 85% 

functional His10CH1R which, if determined by radioligand binding assay, would 

correspond to [3H]-pyrilamine binding of ~15452pmol/mg. This value for ligand binding 

was not reported, though competition binding assays certainly verified the presence of 

functional purified receptor (but not the amount of functional receptor).

Although there were limitations in the assay method used in this study (in conjunction with 

the strategy to maintain high-affinity ligand during the purification), it is certainly not 

disregarded that the final purified receptor may consist of a very low percentage population 

of functional receptor. Despite this unknown, the His10CH1R was trialled in both two 
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dimensional and three dimensional crystallisation attempts as is reported in chapter 4 of 

this study.

3.4.11. Purification of the His6CM2R, a summary

Prior to receiving the His10CH1R baculovirus, purification of the His6CM2R was 

attempted. Work with the muscarinic receptor was paused whilst techniques for receptor 

purification were being learnt with the His10CH1R. Towards the end of this study follow 

up work on the His6CM2R was carried out. A flowchart for work with the His6CM2R is 

shown in Figure 20.

Prior to purification attempts, functionality of the His6CM2R was confirmed by 

reconstitution with purified G-protein subunits.

3.4.12. Reconstitution of the M2R with purified G-protein subunits 

Expression of un-tagged and poly-Histidine tagged M2Rs were reported in chapter 2. 

Receptor identity and functionality was further confirmed by reconstitution of the M2R 

containing Sf9 membranes with the purified G-protein subunits, His6NGαi1 and β1γ2 (Figure 

21A). All Sf9 membranes used in this work were 7M urea treated as this method 

inactivates endogenous G-proteins in the Sf9 cell (Lim and Neubig, 2001). G-protein 

coupling ability of the muscarinic receptor was maintained despite the presence of a 

Histidine tag on either the C (Figure 21B and 21C) or N (Figure 23) terminus of the M2R. 

Addition of the M2R agonist acetylcholine to a mixture of His6CM2R/His6NGαi1β1γ2

Cell lysis and collection of membranes

DDM extraction of membranes, in the presence 

of atropine

IMAC

GF-HPLC

SDS-PAGE, anti-M2R

SDS-PAGE, anti-M2R

SDS-PAGE, anti-M2R

Figure 20. Purification flow chart for the His6CM2R

7M urea treatment

G-protein coupling

[35S]-GTPγS binding 

assay
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produced a 2.4 fold increase in bound [35S]-GTPγS compared to [35S]GTPγS binding to the 

reconstituted proteins in the absence of M2R agonist. This demonstrates the activation of 

His6NGαi1 by agonist bound His6CM2R. His12CM2R was also able to interact with 

His6NGαi1 as demonstrated by a 2.4 fold increase in [35S]-GTPγS binding, in the presence 

of acetylcholine (Figure 21C). Sf9 membranes containing un-tagged M2R produced a 3.4 

fold increase in [35S]-GTPγS binding in the presence of acetylcholine (Figure 21A). 

The higher fold increase in [35S]-GTPγS binding in the presence of untagged M2R was not 

a reflection of the higher receptor density in these membranes as compared to the 

His6/12CM2R containing membranes (compare chapter 2 Figures 8 and 10), since assays 

prepared using double the concentration of total membrane protein (and thus the 

concentration of either His6CM2R or His12CM2R) did not increase agonist induced [35S]-

GTPγS binding (Figure 22). 

Figure 21. Reconstitution of Sf9 membranes containing M2R or C terminal His tagged M2R with purified 
Gαi1 and β1γ2. (A) Sf9 membranes containing M2R. (B) Sf9 membranes containing His6CM2R. (C) Sf9 
membranes containing His12CM2R. Striped blue bars show [35S]-GTPγS binding to the reconstituted 
proteins in the absence of M2R ligand. Spotted red bars show [35S]-GTPγS binding in the presence of the 
muscarinic receptor agonist acetylcholine. 2.5µg of total membrane protein was used in each 25µL assay. 
Data represents the mean ± S.E.M., n = 3. Fold increase is shown above each basal/acetycholine set.
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Reconstitution of Sf9 membranes containing the N terminal tagged M2R, His6NM2R, 

resulted in only a 1.4 fold increase in bound [35S]-GTPγS (Figure 23A). His6NM2R density 

was approximately equivalent to that exhibited by His6CM2R membranes (Chapter 2, 

Figure 10). Thus it is unlikely that receptor density was not the cause of the lower fold 

increase in agonist induced [35S]-GTPγS binding. Furthermore, the higher level of basal 

[35S]-GTPγS binding (which may have masked the effect of agonist addition) could not 

readily explain the smaller increase in radionucleotide binding by His6NM2R activated 

His6NGαi1 compared to His6CM2R activated G-protein. Increasing the concentration of 

GDP in the reconstitution, decreased both the basal and acetylcholine induced [35S]-GTPγS 

binding (Figure 23B and 23C). 

Figure 22. Increasing total membrane protein concentration in a His-tagged M2R/G-protein reconstitution 
assay. (A) G-protein reconstitution with His6CM2R. (B) G-protein reconstitution with His12CM2R. Blue 
striped bars show [35S]-GTPγS binding to the reconstituted proteins in the absence of M2R ligand. Red 
spotted bars show [35S]-GTPγS binding in the presence of the M2R agonist acetylcholine. 5µg of total 
membrane protein was used in each 25µL assay. Data represents the mean ± S.E.M., n = 3. Fold increase 
is shown above each basal/acetycholine set.
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Thus, interestingly, it was observed that addition of a hexa-Histidine tag to the C terminus 

of the M2R appeared to have less effect on receptor mediated Gαi1 GTP exchange. This 

was not a result of difference in expression level of the tagged receptors, as these were 

previously shown to be almost identical (Chapter 2). Homology modelling and 

mutagenesis data of rhodopsin and the β2R suggest the involvement of the intracellular 

second loop (including side chains) as well as side chain extensions of transmembrane 

helices 3 and 6 in receptor/G-protein coupling (Gether, 2000; Gether, et al., 1997). The 

variability in amino acid sequences in the third intracellular loop of 7TMRs, as well as the 

ability of artificial peptides to interact with G-proteins, suggest that it is both the 

conformation and charge presented by the receptor domains that is important in G-protein 

coupling. Thus it could be hypothesised that addition of the Histidine tag modifies the 

domains of the receptor presented to the G-proteins upon agonist binding to the receptor. 

Alternatively, the addition of the Histidine tag and TEV protease cleveage sequence to the 

N terminus of the receptor may be interfering with agonist/receptor binding and this is 

effecting the observed receptor/G-protein interaction.

Taken with results presented in Chapter 2, it can be concluded that baculovirus infected Sf9 

cells contained M2R, His6CM2R, His12CM2R or His6NM2R as appropriate and furthermore, 

that all receptors were able to interact with G-proteins to some extent. Since the C terminal 

Histidine tagged M2Rs showed G-protein interaction most comparable to the untagged 

Figure 23. Reconstitution of Sf9 membranes containing N terminal His tagged M2R, His6NM2R, with purified 
Gαi1 and β1γ2. (A) In the presence of 1µM GDP (B) In the presence of 5µM GDP. (C) In the presence of 10µM 
GDP. Blue striped bars show [35S]-GTPγS binding to the reconstituted proteins in the absence of M2R ligand. 
Red spotted bars show [35S]-GTPγS binding in the presence of the muscarinic receptor agonist acetylcholine. 
Data represents the mean ± S.E.M, n = 3.
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M2R, it was decided to use these receptors in future purification attempts. Initially the 

His6CM2R was used in purification trials with the stratagem that protocols developed for 

this receptor could be transferred to the His12CM2R at a later date if necessary.

3.4.13. Solubilisation of Sf9 cells containing M2R

The presence of M2R in Sf9 membranes was always confirmed by [3H]-scopolamine 

binding prior to solubilisation/purification trials. However following the difficulties 

encountered with the His10CH1R radioligand, such binding assays were not performed 

throughout the purification. Preliminary work with the M2R was to focus on assessing the 

ability to extract the receptor from the membrane and detecting such activity. Thus 

solubilisation and purification attempts with the His6CM2R were assessed by Western blot 

using a receptor specific antibody. 

The loss in total receptor yield was the reason 7M urea treatment was not used prior to 

solubilisation of the His6CM2R, which was already expressing at much lower levels than 

the histamine receptor. Given that starting quantities of M2R were low, a two step 

purification step was desired. CHAPS, DDM and (sodium) cholate were trialled for 

solubilisation of the His6CM2R from small scale (<2L) Sf9 cell cultures containing the 

receptor. Together these detergents covered the three detergent classes – zwitterionic 

(CHAPS), non-ionic (DDM) and ionic (cholate). Previous studies had demonstrated 

cholate and DDM as effective detergents for M2R solubilisation (Rinken, 1996).  At 10mM 

all three detergents were used above their reported CMC value. Solubilisation was 

performed on whole cell lysates using a simplified IMAC protocol (refer to methods 

section 3.3.9) to concentrate the solubilised receptor and so ensure its detection by Western 

blot. Briefly, the soluble fraction was incubated with Nickel resin and a column prepared. 

The column was washed with buffer containing 5mM imidazole and then eluted with 

500mM imidazole and 5 void volume fractions collected. At this stage IMAC was not 

being optimised as a purification step but rather as a method to concentrate the receptor.

IMAC fractions prepared from sodium cholate (10mM) solubilised Sf9 membranes 

material showed a protein signal between the 45 – 85kDa marker protein range on an anti-

M2R Western blot (Figure 24, circled). This is in the expected size range for the His6CM2R 

which has a predicted molecular mass of 52.5kDa but has 4 potential sites of glycosylation 

(Chapter 1, Figure 5) meaning observed receptor size may be higher. The observed size of 
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His6CM2R is in agreement with reports of receptor solubilisation and/or purification from 

Sf9 cells. Park, et al., (2001) reported the observation of recombinant M2R between 50 and 

60kDa when probed with an anti-FLAG antibody. Park and Wells, (2003) reported the 

presence of a 50 – 60kDa protein in silver stained SDS-PAGE of solubilised Sf9

membranes containing M2R.

Encouragingly, membranes solubilised with either DDM (10mM, Figure 25) or CHAPS 

(10mM, Figure 26) gave a similar result to membranes extracted with cholate (Figures 24), 

with a band being evident between the 41 and 85kDa marker proteins. Furthermore, 

antibody binding was specific (Figures 25B and 26B), selectively binding the receptor 

from the variety of proteins observed in the SDS-PAGE. The receptor was not detected in 

the insoluble or soluble samples, since at this stage the receptor concentration is probably 

below the limit of detection. Interestingly, all anti-M2R blots showed a triplicate of bands 

between the 85 and 128kDa marker proteins. Whether these are non-specific antibody 

binding, non SDS-PAGE denatured receptor/protein complexes, or glycosylated receptor 

forms, was not definitively determined in this study. 

Figure 24. Solubilisation of His6CM2R membranes with 10mM cholate. Western blot with anti-M2R. Lane 
Descriptions: 1 – Kaleidoscope Marker (5µL, BioRad); 2 – urea treated His6CM2R membranes; 3 – cholate 
insoluble; 4 – cholate soluble; 5 – IMAC column flow through; 6-10 – 500mM imidazole eluted fractions
20L of sample was loaded per well.

1    2    3   4    5    6   7    8    9   10

85kDa
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There appeared to be little difference in the ability of cholate, CHAPS and DDM to 

solubilise the His6CM2R from the Sf9 membranes, as observed by Western blot (compare 

Figures 24, 25B and 26B in which the same total protein amount was loaded). It was a 

theoretical decision to utilise the detergent DDM for future purifications based on the 

assumption that being a non-ionic detergent, it was expected to aid in the maintenance of a 

Figure 25. Solubilisation of His6CM2R membranes with 10mM DDM. (A) – Coomassie stained SDS-PAGE 
(Invitrogen gel). Lane Descriptions: 1 – Kaleidoscope Marker (5µL, BioRad) .; 2 – DDM insoluble; 3 –
DDM soluble; 4 – IMAC column flow through; 5 – 500mM imidazole elution, fraction #2. (B) – Western 
Blot with anti-M2R. Lane descriptions: as for (A). Samples were prepared as described in the methods 
section (for Invitrogen pre-cast gels); 20L of sample was loaded per well

   1      2       3         4         5

(A) (B)
   1      2       3         4         5

85kDa

Figure 26. Solubilisation of His6CM2R with 10mM CHAPS. (A) – Coomassie stained SDS-PAGE. Lane 
Descriptions: 1- Kaleidoscope Marker (5µL, BioRad); 2 – urea treated M2R membranes (100µg); 3 –
CHAPS insoluble; 4 – CHAPS soluble; 5 – IMAC column flow through; 6 – 10 - 500mM imidazole eluted 
fractions. (B) – Western blot with anti-M2R. Lane description: As for (A). Samples were prepared as 
described in method section; 20µL of sample was loaded per well.

1    2     3     4     5     6     7     8     9     10
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1     2    3    4     5    6    7     8    9     10
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functional receptor form. Ligand binding on the solubilised/purified receptor was, at this 

stage, a goal of future work. 

3.4.14. IMAC of the His6CM2R

At this stage of the project expression of the His6CM2R was increased to 5L cultures using 

fermentation facilities at CSIRO MHT Parkville (Victoria). Attempts at purification of the 

His6CM2R were an extension from the solubilisation step, which already included a simple 

form of IMAC. Solubilisation studies demonstrated that the His6CM2R was retained on the 

nickel column at 5mM imidazole. Following 5mM imidazole washing, an imidazole 

gradient of 10, 20, 100, 200 and 500mM imidazole was used to elute protein bound to the 

Nickel resin. A protein of between 50 and 60kDa in size was eluted at between 10 and 

20mM imidazole (Figure 27, lanes 2 – 5). 20mM imidazole appeared sufficient to 

completely elute this protein since it was not visible in subsequent fractions (Figure 27, 

lanes 6 – 15). These 10 and 20mM imidazole eluted IMAC fractions (20mL in total) were 

pooled, concentrated (to ~ 2mL), and analysed by anti-M2R Western blot (Figure 28B, lane 

2). Despite the concentrated, non-homogeneous IMAC sample, a single band of ~62kDa 

was detected on the Western blot.

    1                 2         3        4          5         6           7             8       9      10   11     12     13    14      15      

Figure 27. Silver stained SDS-PAGE of Nickel chromatography fractions of DDM solubilised Sf9 
membranes containing His6CM2R. Lane descriptions: 1 – BenchMark Marker (2µL, Invitrogen); 2 – 3 
10mM imidazole eluted fractions; 4 – 5 20mM imidazole eluted fractions; 6 – 9 100mM imidazole eluted 
fractions; 10 – 12 200mM imidazole eluted fractions; 13 – 15 500mM imidazole eluted fractions. 20µL of 
sample was loaded per well.

60kDa
50kDa
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The molecular weight of His6CM2R on the Western blot is slightly higher than observed in 

silver stained SDS-PAGE gel of the IMAC fractions (Figure 27) but this is likely due to the 

effect of running a sample with high protein and imidazole concentrations. The 

concentrated IMAC sample containing His6CM2R was subject to Superdex-75 gel filtration 

(GF-HPLC) but did not elute as a single peak and eluted late in the GF-HPLC (Figure 29, 

indicated by a box). An estimated molecular weight of 2kDa was calculated for this protein 

peak, based on elution time of the peak and flow rate of the column. This does not 

correspond at all to the 50 – 60kDa protein observed in SDS-PAGE (Figure 28), 

suggesting the receptor is interacting with the GF-HPLC resin and being eluted later than 

expected.

(B)

Figure 28. (A) Silver stained SDS-PAGE gel of gel filtration HPLC fractions. Lane Descriptions: 1 –
BenchMark unstained marker (2µL, Invitrogen); 2 – Fraction 3; 3 – Fraction 7; 4 – Fraction 9; 5 – Fraction 14; 
6 – Fraction 28;  7 – Fraction 32; 8 – Fraction 34; 9 – Fraction 38; 10 – Fraction 40. (B) Western blot with 
anti-M2R. Lane Descriptions: 1 – GF-HPLC purified His6CM2R; 2 – concentrated IMAC fractions containing 
His6CM2R. 10µL of sample was loaded per well.

  1         2           3          4          5         6         7           8          9          10        
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In a separate purification however, elution of the His6CM2R (along with contaminating 

proteins) began earlier (fraction 13), at time expected for a protein with an estimated 

molecular weight of ~30kDa (Figure 30, boxed).

The variability in the GF-HPLC absorbance profiles suggests the presence of a non-

homogeneous population of glycosylated and non-glycosylated receptor. Glycosylated 

proteins may interact with the gel filtration resin causing a later than theoretically 

Figure 29. Absorbance profile for pooled His6CM2R IMAC fractions. The protein sample was run on a 1 x 
30cm Superdex-75 column using buffer containing 20mM DDM (see methods) and a flow rate of 
0.2mL/min. 500µL fractions were collected. The red boxed area indicates fractions containing the 
His6cM2R.

Figure 30. GF-HPLC absorbance profile for pooled His6CM2R IMAC fractions. The protein sample was run 
on a 1 x 30cm Superdex-75 column using buffer containing 20mM DDM (see methods) and a flow rate of 
0.2mL/min. 500µL fractions were collected. The red boxed area indicates fractions containing the 
His6cM2R.
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calculated elution time. This corresponds with the results presented in Figures 25 and 26.

However, as mentioned in section 3.4.9, technical problems related to running samples 

with high detergent concentration may also have caused variability in the GF-HPLC 

absorbance profiles. Furthermore, the His6CM2R preparation eluted from the IMAC 

column was rather inhomogenous and the level of purity varied slightly between 

preparations, these factors may also affect the GF-HPLC profiles.

Silver stained SDS-PAGE (Figure 28, lane 6) confirmed the presence of a protein of 

between 50 and 60kDa as well as the presence of contaminating proteins as observed on 

the GF-HPLC absorbance profile (Figure 29). Fractions from this peak were pooled (total 

volume 1.5mL), concentrated and analysed by anti-M2R Western blot (Figure 28B, lane 1). 

A single band was observed at ~60kDa at a slightly lower molecular weight than that 

observed in the concentrated His6CM2R IMAC sample (Figure 28B, lane 2). This may be 

due to receptor degradation occurring between the IMAC and GF-HPLC steps but more 

likely, is due to the high imidazole and glycerol concentrations in the concentrated IMAC 

sample effecting sample running in the SDS-PAGE.

Whilst preliminary work with the His6CM2R was carried out early in this study, large scale 

purifications were performed towards the end of the study, after work on the histamine 

receptor was completed. For this reason time limitations did not allow for further work 

with this receptor but the results presented here would go some way to developing a 

standardised purification protocol for the receptor.
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3.5. Conclusions

The His6CM2R and His10CH1R were shown to functionally interact with purified G-protein 

subunits. Interestingly, His10CH1R interacted with Gαi1, a member of the adenylyl cyclase 

inhibiting Gα family. Such an interaction has not been previously reported. The 

His10CH1R was purified to near homogeneity using 7M urea treatment, nOG 

solubilisation, IMAC and GF-HPLC. 1mg of purified histamine receptor was obtained 

from 5L of insect cell culture with <5% of this receptor determined to be functional as 

defined by [3H]-pyrilamine binding (in the presence of excess triprolidine). A preliminary 

solubilisation and purification protocol utilising DDM solubilisation, IMAC and GF-HPLC 

was developed for the His6CM2R with receptor presence and purity determined by SDS-

PAGE and Western blot with receptor specific antibodies.
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4. In meso and two-dimensional crystallisation

trials with the His10CH1 histamine receptor
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4.2. Introduction

Crystallisation of membrane proteins is the next challenge of protein crystallography. 

Human seven transmembrane receptors are a highly desired and challenging target for 

atomic resolution structure determination. Until recently (2007) bovine rhodopsin was the 

only mammalian 7TMR for which the structure had been determined (Palczewski, et al., 

2000). In 2007 the two reports were published on β2 adrenergic receptor crystallisation and 

subsequent structure determination (Cherezov, et al., 2007; Rasmussen, et al., 2007). 

Protein crystallisation can take place in either two (ordered monolayer) or three 

dimensions. Two-dimensional (2D) crystallisation is performed either in suspension or by 

arraying of the protein, or a host lipid bilayer, onto a surface. Three-dimensional (3D) 

crystallisation can be achieved by either vapour diffusion (using either detergent 

solubilised or lipid reconstituted protein) or in meso methods. 

In this study a C terminal 10x Histidine tagged Histamine H1 receptor (His10CH1R) was 

used in suspension 2D crystallisation trials and in meso (3D) trials. 2D crystallisation was 

performed in suspension by reconstitution of the receptor into a lipid mixture followed by 

addition of a salt. 3D crystallisation of the receptor was trialed in meso using either 

monoolein or phytantriol in combination with a variety of commercially available 

precipitants.
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4.3. Methods

4.3.1. Reagents

Unless otherwise stated in the text, all reagents were of analytical grade and were 

purchased from Sigma Aldrich. All buffers were prepared in milliQ treated water 

(mQH2O)

4.3.2. GF-HPLC purification of His6NGαi1

His6NGαi1 was expressed and semi-purified as described in chapter 3. For crystallisation 

the G-protein was further purified using Superdex-75 HPLC and Gα gel filtration buffer 

(20mM Bis-Tris propane, 150mM NaCl, 5mM β-mercaptoethanol, 10µM guanosine 

diphosphate (GDP), pH 7.6).

4.3.3. Synthesis of surfactants

Phytantriol was synthesised by Dr Sharon Sagnella (CSIRO, Clayton). The viscous 

surfactant was stored at room temperature in a sealed glass vial. Monoolein was purchased 

from Sigma Aldrich. Cubic phase formation of both phytantriol and monoolein was 

characterised using small angle x-ray scattering (SAXS) by Dr Charlotte Conn (CSIRO, 

Clayton).

4.3.4. Development of custom made crystallisation viewing plates for 

in meso crystallography

Plates for the in meso crystallization set-up were prepared using a method based on that 

described by (Chelikani, et al., 2006). 1mm thick silicon rubber was cleaned thoroughly 

with household detergent, sonicated and cut to fit a typical glass microscope slide. Holes of 

5mm diameter were punched into the silicon as a 3x3 grid that was a sufficient size to be 

covered by a single glass coverslip. The number of wells was optimised later in the study 

to 10 wells per plate (see section 4.4.1). The Silicon was pressed firmly onto the 

microscope slide. Following addition of protein, surfactant and precipitant, a glass 

coverslip was used to seal the wells. To increase the throughput, 96 well crystallisation 

plates were generously provided by Dr Connie Darmanin (CSIRO, Parkville). The plate 

was sealed using transparent packing tape (Scotch 3M). This decreased plate preparation 

time and brought the potential of automated crystal screening.
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4.3.5. Preparation of H1R/Surfactant for in meso Crystallisation

Protein/Surfactant Ratios

H1R was prepared at 5mg/mL in 20mM Bis-Tris Propane pH 7.6, 150mM NaCl, 5mM β-

mercaptoethanol and 20μM triprolidine. Protein was combined with surfactant at a ratio 

that would provide sufficient water content for cubosome formation of the given surfactant 

(examples are given in Table 1).

Table 1. Composition of H1R/surfactant used for crystallization trials. S = surfactant, P = protein.

Surfactant Ratio (S:P, w/v)        μL H1R (5mg/mL)          mg Surfactant

Monoolein 60:40 9.8 14.7

Phytantriol 80:20           11.2 45

These ratios were determined using the reported phase diagrams for monoolein (Figure 1A; 

(Qiu and Caffrey, 2000)) and phytantriol (Figure 1B; (Barakaus and Landh, 2003)).

In this study the Pn3m or Ia3d cubic structures were preferred for protein crystallisation. 

At this stage of the study, the choice of cubic structure used was somewhat arbitrary since 

the exact dimensions of the cubic phases and the way in which the proteins resided in them 

were not known. The concentration of the protein used in the crystallisation trials may also 

require modification to aid the packing of the receptor within the cubic phase. Experiments 

Figure 1. Phase diagrams and structures for surfactants used in this study. (A) Monoolein from (Qiu and 
Caffrey, 2000). (B) Phytantriol from (Barakaus and Landh, 2003). Structures are as follows: Pn3m –  L2

– reversed micellular; Lα – lamellar, Q230/Ia3d and Q224 – (cubic) crystallographic space groups, HII –
hexagonal.

(B)(A)
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to determine these properties are currently under investigation by Dr Charlotte Conn 

(CSIRO, Clayton).  At 20 to 25oC and 40% w/w water, monoolein is at the border of the 

Ia3d/Pn3m cubic phases (Figure 1A, boxed). However when 20oC is approached from 

typical room temperature (i.e. when setting up a crystallisation plate at ~25oC and then 

placing the plate in a 20oC incubator, as was done in this study) it is more likely that 

monoolein resides in a Pn3m structure as cubic structures tend to form at the temperatures 

shown in the heating direction but don’t return to “cooler” structures when the temperature 

is decreased. (personal communication; Dr Charlotte Conn CSIRO, Clayton). For 

phytantriol the Ia3d structure (Q230) is formed at 20% w/w water composition and between 

20oC and 30oC (Figure 1B, boxed). Thus Ia3d would be the predominant cubic structure in 

these crystallisation experiments. 

Preparation of protein containing cubic phase

Surfactant (+/- cholesterol, see the proceeding section) was measured into a 250µL 

Hamilton syringe and the protein suspension was pipetted into a second syringe (Figure

2A). The syringes were joined using a purpose-built stainless-steel coupler (Figure 2A, 

circled). The Hamilton syringe set up was based on the work of (Maruko, et al., 2005). The 

void volume of the coupled syringe system was approximately 15μL. Protein and 

surfactant were passed through the coupler 100 times until the suspension became viscous 

and transparent which indicated the formation of the mesophase. The suspension was 

allowed to equilibrate for 30 minutes to ensure homogeneity, before being passed through 

the coupler again 20 times. The syringe containing the protein/surfactant was removed 

from the coupler and connected to a Hamilton nano-dispenser (Figure 2B, coupling end 

circled). The protein/surfactant was injected into the 10µL syringe of the dispenser. 
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The protein/surfactant mixture (0.2µL) was dispensed into each well. Precipitant (5µL) 

was immediately added and the well sealed as soon as all other wells in the 3x3 (or 1x5) 

grid were complete. For 96 well plates, the wells were sealed in sections of either one third 

or one half of the plate. Precipitant conditions were taken from the commercially available 

Crystal ScreenTM, Crystal Screen2TM , PEG/Ion Screen, PEG/Ion 2 screen (Hampton 

Research) or PACT screen (Qiagen). All conditions were set up in duplicate. Plates were 

incubated at 20oC. 

Crystal wells were viewed with an Olympus SMZ12 stereomicroscope and were 

photographed using a Media cybernetics camera.

Modifications to the protein or surfactant

Modifications to either the His10CH1R suspension or the surfactant were carried out prior 

to preparation of the protein containing cubic phase.

For experiments containing cholesterol, 5% of the monoolein dry weight was replaced with 

cholesterol. The cholesterol was weighed into the same syringe as the monoolein. For 

Figure 2. Apparatus for protein/meso-phase surfactant preparation. (A) Coupled Hamilton syringes, protein 
suspension is placed in one syringe and surfactant powder in the other, mixing of the two (through the coupler, 
circled) causes formation of the meso phase. (B) Hamilton nano-dispenser. Protein containing meso phase is 
transferred through a coupler at the dispensing end of the syringe (circled). 200nL drops can be dispensed.

(B)

(A)
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experiments containing His6NGαi1 and His10CH1R the receptor (40µL, 5mg/mL) was 

mixed with the G-protein (10µL, 5mg/mL) and dialysed against 4 (50mL) changes of H1R 

gel filtration buffer (20mM Bis Tris propane, 150mM NaCl, 30mM nOG, 10% (w/v) 

glycerol, pH7.4) containing  Histamine (1mM) and GDP (10µM). The dialysis buffer was 

changed each hour for a total of 4 hours. Protein/surfactant cubic phase was then prepared 

at the ratio described in Table 1.

4.3.6. X-Ray diffraction analysis of crystals produced in meso

Crystals were removed and manipulated using tools from Hampton research. Where 

necessary these tools were used to remove all traces of surfactant from the crystal. 

Generally, cubic phase could be removed by transferring the crystal from the well to a 

fresh drop of the precipitant. The tools were then used to gently remove the attached cubic 

phase away from the crystals. For those crystals which had not grown in a condition 

containing a cryo-protectant (e.g. glycerol or PEG), the crystal was manipulated in a drop 

of the precipitant buffer with the addition of 20% (w/v) PEG. Crystals were mounted using 

CrystalCap Copper MagneticTM based loops (Hampton Research) and placed into a stream 

of Nitrogen (≤100K, Figure 3A) directed onto the crystal stage/goniometer (Figure 3E) of 

the X-ray generator/detector. Crystals were analysed by X-ray either at CSIRO Molecular 

Health Technologies (CMHT), Parkville or at the Australian Synchrotron protein 

crystallography beamline.

X-ray diffraction at CSIRO MHT

For crystals screened by X-ray at CSIRO, a Rigaku RU-H2R generator and R-Axis IV 

detector were used (Figure 3). The Rigaku uses a rotating copper anode and a tungsten

filament. The X-rays are focused using mirror optics to a 250 x 250µm beam. The X-ray 

generator was operated at 20mA and 40kV. At CSIRO Parkville the limit of diffraction is ~ 

2.4 Å.
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Unless otherwise stated, the detector was set at 300mm from the crystal and oscillating 

crystal images (1o) were collected over a period of 10 minutes.

X-ray diffraction at the Australian synchrotron

The Australian Synchrotron was officially opened in 2007 and is operated by the 

Australian Synchrotron Company (ASCo). The facility has the capacity for up to 30 

beamlines, 4 of which are currently (December 2007) operating.

The 3BM1 protein crystallography beamline was used in this study. The Oxford Danfysik 

optics of the beamline are designed to produce a 250μm x 200μm monochromatic X-ray 

beam. The beam current was ~187mA. A Mar goniometer holds Hampton crystal cap 

magnetic loops and a Mar 165 charged coupled device (CCD) camera records diffracted X-

rays. The user interface is provided by Blue-Ice software. The detector was placed 300mm 

Figure 3. X-ray set up at CSIRO MHT Parkville. (A) “X-stream” Nitrogen stream (B) X-ray source (C) 
Backstop (D) Crystal viewing microscope (E) Magnetic crystal loop mount (F) Goniometer for aligning 
crystal in beam (G) Helium air scatter reducer  (H) R-Axis imaging plates (detector).

A

C

E
G

H

F

B

D
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from the crystal and the crystal rotated 0.5o over 10 seconds. The high beam intensity and 

rapid read-out from the CCD allowed for high-throughput screening of a large number of 

crystals (all salt or crystallised ligand) at the Australian synchrotron. At the Australian 

Synchrotron diffraction resolutions of ~0.9Å can be achieved.

4.3.7. His10CH1R lipid reconstitution and microdialysis for two-

dimensional crystal trials.

The reported (and assumed) molecular weight for asolectin varies between ~740 to 

~833gmol-1 (Fagan and Dewey, 1986; Niu, et al., 2002; Ratnala, et al., 2004). This 

variation is attributed to differences in fatty acid composition of the asolectin mixture. In 

this study the molecular weight of the lipid mixture was assumed to be 790gmol-1 (Niu, et 

al., 2002).

Purified His10CH1R (3.5mg/mL) in ‘histamine gel filtration buffer’ (described in chapter 3) 

was combined with asolectin (10mg/mL in histamine gel filtration buffer) to a final volume 

of 50µL. Several lipid:protein Molar ratios between 30:1 and 300:1 were trialed. The 50µL 

protein/lipid mixture was placed in a Slide-A-Lyzer mini-dialysis unit with a molecular 

weight cut-off of 10kDA (Pierce). Dialysis was performed against histamine gel filtration 

buffer which did not contain nOG, by one of two methods. Either the Slide-A-Lyzer was 

placed in a custom made dialysis plate and dialysed against histamine gel filtration buffer 

that did not contain nOG (1.5mL) and which was changed every 2 hours for a period of 10 

hours followed by dialysis overnight. This process was repeated for a total of 2 overnight 

changes and a for a total of 3 days of dialysis. Following dialysis, the protein/lipid mixture 

was removed, placed in a 1.5mL tube (Eppindorf) and stored at room temperature until 

electron microscopy analysis. Alternatively, the Slide-A-Lyzer was placed in a beaker and 

dialysed overnight against 100mL of histamine gel filtration buffer. The following morning 

the buffer was changed every 3 hours for 9 hours. 98µL of protein/lipid mix was added to 

2µL of the salt dodecyltrimethylammonium chloride (DTAC, 10mM stock, final 

concentration 200µM). The protein/lipid/DTAC mixture was left at room temperature until 

analysis by electron microscopy.

4.3.8. Sample preparation for electron microscopy and electron 

diffraction

Preparation of Carbon thin film 
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All mica and grid manipulations were carried out using tweezers and with gloved hands.

Mica (ProSciTech) was cleaved using adhesive tape to produce a clean, flat top layer. The 

mica was marked on one side with a permanent marker to designate the side which would 

not be coated with Carbon. Marked mica was placed on a glass microscope slide within a 

filter paper lined petri-dish which also contained a white tile, half of which was coated 

with vacuum sealing grease and a folded wedge of paper (Figure 4A). The tile and folded 

paper provide a visual measure of the thickness of the Carbon coating; the stronger the 

contrast between the grey Carbon layer and the white tile/paper the thicker the Carbon 

coating. The Petri-dish was placed into a Carbon coating chamber (Auto 306, Boc 

Edwards). Carbon coating was carried out under a 10-6 Torr vacuum with the current in the 

system being increased until Carbon evaporation became visible (dependent on carbon 

rods). The current was removed when the desired thickness of Carbon was obtained. 

Correct carbon thickness was determined by the comparing the darkness of the carbon 

coated area of the tile with previously prepared thin film carbon. For electron microscopy 

the sample thickness, which includes the grid thickness, should not be more than ~100nm.

(A) (B)

(C)

Figure 4. Images of apparatus used for preparation of carbon thin film coated electron microscopy (EM) 
grids. (A) set up for preparation of thin film carbon on mica. (B) coating of EM grids with neopropene. (C) 
preparation of floating thin film carbon on water reverse meniscus.

EM sample grids

Used for 

Carbon 

thickness 

determination

Carbon coated mica

Sputter coater

Carbon side of mica
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Preparation of carbon coated grids

400 mesh hexagonal carbon grids (ProSciTech), were placed in a single layer, with the 

shiney side down (this allows easier determination of which is the carbon face of the grid 

after carbon coating) onto a glass microscope slide. A hand pumped sputter coater was 

used to apply a thin layer of neopropene (5% v/v in toluene) to the grids (Figure 4B). The 

neopropene provides an adhesive for attachment of thin film carbon to the grid. 0.5mL of 

neopropene/toluene was sufficient to coat 15 to 20 grids. Freshly prepared mQH2O was 

used to create a reverse meniscus in a small glass dish. Carbon coated mica was cut to a 

size approximately 15x that of a grid. With the carbon side up (facing away from the 

water), the mica was angled to the water such that when slowly placed through the 

meniscus the carbon layer detached from the mica and floated on the water surface (Figure

4C). A grid was griped with tweezers (shiny side away from the water), gently pressed into 

the floating carbon film, submerged and then rotated in the water such that the carbon face 

of the grid was now facing up. The carbon coated grid was placed carbon side up onto 

filter paper, covered with an up-turned Petri dish and allowed to dry before use. Dried 

carbon coated grids were stored in a grid box until use. 

Preparation of uranyl acetate (negative) stained samples.

A carbon coated grid was held carbon face up using clamped tweezers. Protein sample 

(4µL) was pipetted onto the grid and adsorbed for 30 seconds, after which time filter paper 

was used to gently draw off the excess volume of sample by capillary action. sMQH2O 

(5µL) was pipetted onto the grid and drawn off after 20 seconds. This was followed by 

5µL of uranyl acetate (2% w/v, centrifuged to produce a transparent supernatent) which 

was drawn off after 30 seconds. Grids (held in tweezers) were covered with an up-turned 

Petri dish and dried for at least 20 minutes before imaging.

Preparation of samples for cryo-electron microscopy

50µL drops of trehalose (1.5% w/v) were placed onto a strip of parafilm. A carbon coated 

grid was placed, carbon-side down into 3 sequential drops of the sugar. 2.5µL of the 

protein/lipid sample was pipetted onto the grid and adsorbed for 30 seconds before 

removal of excess sample by blotting with the edge of a filter paper. The grid was 

submerged into liquid Nitrogen within the cryo-stage (Gaton) and then, whilst remaining 

submerged in the liquid Nitrogen, was placed into the grid-holder of the cryo-stage. Care 
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was taken both when preparing samples for cryo-EM and when transferring sample grids 

to the EM. Once frozen at -173oC, the temperature of the sample was not increased above -

173oC since even slight heating of the sample will lead to frosting which will decrease the 

quality of imaging.

4.3.9. Electron Microscopy and Electron Diffraction

Samples were imaged on a Technai 12 electron microscope (EM) equipped with a tungsten 

filament, a single tilt cryo-transfer system and a Megaview III soft imaging system 

(camera). The microscope was operated at 120kV. All samples were imaged using low 

dose mode. 

Low dose image settings

In low dose mode, the grid is searched at low magnification and low beam intensity. On 

location of an area of interest the ‘focus’ option is selected allowing the beam to be 

focused (at high magnification) on an area of the grid which is away from the area of 

interest. Finally ‘exposure’ is selected and the original area is located and imaged at high 

magnification. The use of low dose limits damage to the crystal of interest by the electron 

beam. For this study the low dose settings were (generally) as follows: Search – 4,400x 

magnification, spot size 4 (spot size is a measure of beam intensity, the smaller the spot 

size the more intense the beam); Focus – sample was moved by 2µm and focused at 

magnification of 67,000x and a spot size of 4; Exposure – sample was returned to the area 

found in search mode and imaged at a magnification of 67,000x and a spot size of 4. 

Images of crystals and electron diffraction patterns were collected on electron image film 

(Estar thick base, Kodak) to enable future processing of the crystals.  For recording crystal 

images on film, the exposure time was one second and for recording electron diffraction 

patterns on film the exposure time was 10 seconds. An image of the 2D crystal was 

recorded on film prior to observation of electron diffraction since it is the EM images that 

are used for phase determination (i.e. future analysis) and the intensity of the beam used 

for electron diffraction rapidly damages the crystal. For reporting purposes some crystals 

images were recorded using the MegaviewIII camera of the EM.

Development and scanning of EM film

Films were placed in developer (D19 developer, Kodak) for 12 minutes, washed in reverse 

osmosis (RO) water for 1.5 minutes and then placed in fixer (Photo-Flo 200 solution, 
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Kodak) for 2.5 minutes. Films were washed in running RO water for 20 minutes and then 

dried at room temperature overnight. Digital images of the films were prepared by 

scanning using either a Nikon Super Coolscan 8000 ED (for some crystal images, scans are 

suitable for further processing) or a Hewlett Packard Scanjet 5370C scanner (for 

diffraction images and/or reporting purposes only).
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4.4. Results

4.4.1. Home-made crystallization plates for in meso crystallisation

Custom made crystallisation plates (Figure 5A, B and D) were a requirement for 

visualisation of the in meso crystallisation trials since the lipidic/protein drop (and the 

crystal formation within it) can not be easily visualised using traditional plastic 

crystallisation plates (Figure 5C). The glass plates were routinely used for both precipitant 

screening and crystal growth.

(C) (D)

Figure 5. Images of custom made crystallisation plates and comparison to commercially available plastic 
plates. (A) 10 well glass plate for small scale in meso crystallisation trials. (B) 96 well plate for high-
throughput crystallisation trials. Plates can be barcoded and used in automated crystal screening 
(CrystalTrak). (C) In meso crystallisation condition in a plastic plate. (D) In meso crystallisation condition in 
custom made glass plates.

(A) (B)

Edge of well
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Initially glass microscope slide crystallisation plates (e.g. Figure 5A) were prepared with 

two 3x3 grids of wells (i.e. 18 wells, not shown) and were sealed with glass coverslips. 

These plates suffered from movement of the rubber and subsequent mixing of precipitant 

conditions. For this reason the number of wells was optimised from 18 wells to 10 (5mm) 

wells per plate, five under each glass coverslip (Figure 5A). This substantially reduced 

movement of the rubber, buffer interaction between the wells and decreased drying out of 

the plates. When removing crystals for X-ray analysis, attempts to cut the glass coverslip 

around the well of interest (and so not disturb other wells) were generally unsuccessful and 

resulted in opening of other wells and contamination with glass fragments. Thus routinely 

the entire glass coverslip was removed, which of course meant that the other five wells 

under the coverslip were compromised. To increase the speed at which crystallisation trials 

could be performed (and for future work), 96 well plates were produced by Dr Connie 

Darmanin (CSIRO Parkville, Figure 5B). When sealed with either transparent packing tape 

or a plastic plate seal, the wells in the 96-well plate remained hydrated for weeks. Wells 

could be opened easily by simple cutting of the tape and so these plates offered a further 

advantage over the smaller plates in that individual wells could be opened to remove 

crystals. In addition, these plates could be bar-coded and used with the automated imaging 

system CrystalTrak (Rigaku).

4.4.2. Visualising Crystals

Traditional vapour diffusion crystallisation generally produces clearly distinguishable 

crystals (Figure 6A). In meso crystallisation conditions require a more thorough 

examination when looking for crystals. It is expected that protein crystals would be present 

in or around the cubic phase. When viewing in meso crystallisation conditions in the first 

few days after set up, generally, the surfactant/protein mixture is clearly visible (Figure

6B). With time, the morphology of the mixture may change and in some cases it appears 

that the cubic phase is diffusing into the precipitant (Figure 6C). This may represent a 

change of phase of the surfactant from the cubic or mesophase to the lamellar phase as the 

wells lose moisture (particularly for the smaller crystallisation plates which did not seal 

very well). 
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In the absence of an ultra violet microscope and with ready access to an X-ray generator, 

X-ray analysis was used to determine the identity of crystals produced in this study. Salt 

crystals produce easily recognisable diffraction patterns which are characterised by 

diffraction spots at high resolution and reflections which appeared smeared in the 

diffraction pattern (Figure 7).

(B)

Figure 6. Digital camera images of in meso crystallisation trials. (A) antibody/antigen complex crystal produced 
under vapor diffusion conditions. Image was provided by Dr Janet Newman (CSIRO). (B) Condensed 
monoolein/His10CH1R drop, 30x magnification. (C) Diffused monoolein/His10CH1R drop, 30x magnification.

(C)

precipitant solution

outer edge of well

protein/surfactant drop (diffused)

(A)

Protein/surfactant drop

Precipitant solution
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4.4.3. Conditions that produced interesting three-dimensional crystals

In the absence of an X-ray diffraction pattern ‘interesting’ crystals are just that –

interesting; they might be protein, they might not. The crystals discussed in this section are 

those which still have a question mark associated with them. This may be due to either 

limited time meaning crystal conditions were not repeated/optimised, an inability to 

replicate conditions which initially produced crystals, or an inability to successfully 

transfer crystals to the X-ray stage (for particularly fragile/environment sensitive crystals). 

A total of 13 small scale (generally ≤ 48 conditions, in duplicate) His10CH1R 

crystallisation trials were set up during this study. From a total of 3 cubic phases, 3 

additives and 288 crystallisation buffers, approximately 784 conditions were trialled. Two

cubic phase surfactants are discussed in this chapter – monoolein and phytantriol. A 3rd

surfactant synthesised at CSIRO was also used but will not be discussed here due both to 

confidentiality issues and its failure to produce protein crystals which diffracted X-rays. 

Cholesterol, His6NGαi1 and a monoclonal anti-H1R antibody were used as additives in 

crystallisation trials. Crystallisation with the antibody will not be discussed here as it did 

not result in protein crystals. X-ray analysis demonstrated that greater than 90% of the 

crystals that formed from under the conditions tested in this study were salt. The crystals 

discussed in this section represent those that could not be definitively classified as salt 

crystals.

Figure 7. Image of X-ray diffraction from a salt crystal. The red rings denote the resolution in Å.
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A combination of H1R and the surfactant monoolein (MO) with 0.2M magnesium chloride, 

0.1M HEPES (sodium salt) pH7.5 and 30% (w/v) PEG400 (Hampton Crystal Screen 1, 

condition 23) resulted in the growth of a crystal at between 25 and 37 days after set up 

(Figure 8, A1). The 180 x 216µm crystal was not visible at 40 days after set up and so was 

not analysed by X-ray. A repeat of this condition produced crystals of different 

morphology (Figure 8, A2 and A3) at between 15 and 20 days after set up. These crystals 

showed the diffraction pattern of a small molecule (salt, results not shown).

A precipitant condition of 0.1M HEPES pH7.5 and 20% (w/v) PEG 10K (Hampton Crystal 

Screen 2, condition 38) with the H1R/MO cubic phase produced long thin crystals within 7 

days of set up (Figure 8, B1 and B2). Unfortunately the crystals were particularly fragile 

and rapidly disintegrated when the well was unsealed and so were not analysed by X-rays. 

The HEPES/PEG condition was of particular interest since the precipitation buffer did not 

contain salt. Furthermore a similar precipitant buffer produced crystals (Figure 8C) of 

slightly different morphology but with the same instability. A combination of H1R/MO, 

HEPES pH7.5, 10% (w/v) PEG8K and 8% (w/v) ethylene glycol (Hampton Crystal Screen 

2, condition 37) resulted in the crystals presented in Figure 8C. The crystals had formed on 

the edge of what appeared to be diffused cubic phase surfactant. These crystals were also 

unstable and were not analysed by X-ray. The instability of crystals grown in the 

HEPES/PEG conditions to the atmospheric environment is interesting since generally such 

instability would be associated with inclusion of a volatile substance in the crystallisation 

condition. In future work these HEPES conditions should be optimised. Additives such as 

a sugar (e.g. trehalose) or a low concentration of salt may aid in the stability of the crystals. 

Alternatively the temperature of the crystallisation could be modified to bring about 

different cubic phase structures which may better fit/arrange the receptor. In addition to 

increasing the stability of the crystals, the precipitant needs to be optimised to promote 

larger crystals. The crystals presented in Figure 8B and 8C are particularly thin (<10µm) 

and would be difficult to manipulate. Furthermore, the ratio of X-ray beam size to crystal 

size would generate a low signal-to-noise ratio and may prevent observation of the X-ray 

diffraction from the crystal when the thin edge of the crystal is perpendicular to the X-ray 

beam.
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Following the publication of the β2-adrenergic receptor structure, the addition of 

cholesterol to the crystallisation conditions was trialled (Cherezov, et al., 2007). A mixture 

of His10CH1R/MO cubic phase, cholesterol and a screen using Qiagen PACT precipitants 

resulted in formation of crystals in the presence of 0.2M sodium malonate, 0.1M Bis Tris 

propane pH8.5, 20% (w/v) PEG3350 (PACT, condition 84, Figure 9, A1 and A2). The 

cubic crystals of ~30x30µm formed on and around the protein containing cubic phase, 

(A1) (A2) (A3)

_

Figure 8. Images of ‘interesting’ crystals produced in this study. Unless otherwise stated, all images were taken 
at magnification of 144x
(A) Crystals formed in the presence of H1R/MO, Mg, HEPES and PEG; (1) The crystal appeared between 25 and 
37 days post set up and disappeared at day 40. (2) and (3) a repeat of the condition used to produce (1), crystals 
appeared between 15 and 20 days post set up. 
(B) Crystals formed in the presence of H1R/MO, HEPES and PEG; (1) and (2) The crystals appeared between 1 
and 7 days of set up but were unstable when removed from the cubic phase.
(C)  Crystals formed in the presence of HEPES, PEG and ethylene glycol. Crystals were formed within 7 days of 
set up.

(B1) (B2)

(C)
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making them of interest. Using the X-ray generator at CSIRO MHT, no X-ray diffraction 

pattern was observed for these crystals. It may be that these crystals are formed by 

disordered packing of the receptor. Given the large flexible regions of the receptor, such as 

the third intracellular loop, there is the likelihood for disordered crystalline packing; (this is 

discussed further at the end of this section). Alternatively, the crystals in Figure 9A are salt 

crystals. Given the highly defined structure of the crystals (near perfect cubes) salt crystals 

are probably more likely.

In addition to monolein, the surfactant phytantriol was also used in (separate) 

crystallisation trials with the His10CH1R in combination with the Hampton PEG/Ion 

screens. A combination of His10CH1R, phytantriol, 8% (w/v) tacsimate and 20% (w/v) 

PEG3350 (Hampton PEG/Ion 2 screen, condition 16) produced small cubic crystals. These 

crystals were less than 9x9 µm in dimension and were present on and within the cubic 

phase (Figure 9, B1 and B2). 

Figure 9. Images of ‘interesting’ crystals produced in this study. Unless otherwise stated, all images were 
taken at magnification of 144x.
(A1 and A2) Crystals formed in the presence sodium malonate, bis-tris propane and PEG. The cubic crystals 
were formed within 4 days of set up. 
(B1 and B2) Crystals formed in the presence of tacsimate and PEG.  The crystals were cubic and <9µm2 in 
dimensions, here they are circled. The crystals could not be separated from the cubic phase.

(A1) (A2)

(B1) (B2)
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The crystals shown in Figure 9B, formed between 1 and 10 days after crystallisation set up 

but an attempt to remove them from the cubic phase at 14 days was not successful. The 

crystals were not stable in the precipitant solution alone (i.e. in the absence of cubic phase), 

and due to their small size, were difficult remove from the cubic phase using tools alone. 

Stability of these crystals may be increased by modification of the precipitant conditions 

(for example by changing the pH). However, even if the crystals had been successfully 

removed it is unlikely that diffraction would have been observed since the size of the beam 

(250 x 250 µm) is significantly larger than the crystal and so the signal-to-noise ratio 

would be low. Crystals of this size require an X-ray beam that is focused to orders of 

magnitudes less than 10µm (for example the European Synchrotron Radiation Facility has 

an X-ray beam that can be focused to ~ 1x1 µm).

Encouragingly, all of the crystals shown in Figures 8 and 9 formed under conditions which 

are favourable for retention of protein functionality i.e. at pH 7.5 – 8.5 and in the presence 

of the precipitant PEG. However, whilst the crystals just discussed were not assigned as 

salt crystals, they are not definitely protein crystals either. Accordingly, in future 

experiments it may be more beneficial to determine if the crystal contains protein through 

methods other than X-ray diffraction, such as through use of ultra violet microscope, 

assessing the birefringence of the crystal or through protein staining. The first essential 

requirement for three-dimensional crystallisation of a protein is a high-quality preparation 

of the protein. The protein must be at least 90% pure and, regardless of other minor 

contaminants, the protein itself should be homogeneous i.e. without glycosylation, 

aggregation or existence of a mixed monomer/dimer population. Glycosylation was not 

apparent during purification of the His10CH1R (although the occasional presence of a band 

at a slightly higher molecular weight than the His10CH1R may still be of interest in that 

regard), nor was it reported by Ratnala, et al., (2004). It is possible that the receptor is 

present as dimers or other higher order aggregates in the detergent suspension. This is 

particularly the case since a definitive value for the % of functional protein in the final 

purified sample was not determined and non-functional protein may aggregate. Dynamic 

light scattering experiments may have proved useful in this regard, but were not completed 

during this study. In addition to purity and functionality of the protein, the structure of the 

protein itself plays an important factor in its ability to be crystallised. The H1 histamine 

receptor, like many class A 7TMRs, has an extensive third intracellular loop which spans 

amino acids 211 to 418 of the 487 amino acid protein. The flexibility in the third 
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intracellular loop of the protein would be a hindrance to the ordered packing of the protein 

into a crystalline form and could be an explanation as to why some crystals produced in 

this study did not diffract. One recently published structure of the β2 adrenergic receptor 

(β2AR) replaced the third intracellular loop of the receptor with the lysozyme sequence 

(Cherezov, et al., 2007). Rasmussen, et al., (2007) removed 48 residues of the β2AR C 

terminus to decrease flexibility associated with this region and stabilised other parts of the 

receptor using antibody fragments. Whilst structures lacking particular regions remain 

relevant and are most certainly a major achievement, the third intracellular loop of the 

receptor (for example) is known to be involved in Gα coupling and may have as yet 

undiscovered roles in receptor/G-protein interaction (Gether, 2000). Although regions of 

the receptor can be removed, the ideal (though ambitious) goal would be to have the 

complete receptor structure. If the complete receptor is to be crystallised, co-crystallisation 

with a receptor stabilising agent/protein is a likely requisite. The cubic phase is particularly 

amenable to co-crystallisation since the lipid surrounded aqueous channels in the cubic 

phase would provide the perfect environment for the intracellular, membrane associated G-

proteins. In fact, activation of transducin by rhodopsin in the cubic phase has been 

demonstrated (Navarro, et al., 2002).

4.4.4. Powder diffraction of micro-crystals

In an attempt to stabilize the flexible intracellular loops of the His10CH1R, crystallisation 

was trialed in the presence of His6NGαi1 a known interaction partner of the receptor 

(chapter 3, section 3.4.3). The protein mixture was combined with the H1R agonist 

histamine and the Gαi1 binding partner GDP. It was hypothesized that inclusion of the 

agonist (at mM amounts, in an attempt to out compete triprolidine) may prompt interaction 

of the receptor with the G-protein whilst the presence of GDP would retain the Gα in an 

inactive state and thus prevent its dissociation from the receptor. However, this dynamic 

interaction was only hypothetical and in future studies it would be necessary to determine 

if the 7TMR/Gα form a stable complex under these conditions. This could be achieved by 

gel filtration of the mixture – a stable complex should elute from the column as a single 

peak. His10CH1R was used in a Molar excess (4:1) to His6NGαi1 to try and reduce the 

possibility of the G-protein crystallising alone. Prior to inclusion in the crystallisation trial, 

Gαi1 required additional purification (see chapter 3, Figure 1). Gαi1 was purified to 

homogeneity, as determined by silver stained SDS-PAGE, using GF-HPLC (Figure 10).
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The protein/monoolein mixture was combined with precipitants from the Qiagen PACT 

screen. Sharp, thin bunches of crystals were formed within 3 days (Figure 11A) of 

crystallisation set up and grew for up to 3 weeks (Figure 11B). The crystals formed in the 

presence of 0.2M sodium sulphate, 0.1M Bis Tris propane pH7.5 and 20% (w/v) PEG3350 

(Qiagen PACT, condition 80).

     1           2           3           4      1           2        

Figure 10. Silver stained SDS-PAGE gels of His6NGαi1. (A) Lane Descriptions: 1 – BenchMark Marker (2µL, 
Invitrogen); 2-4 – IMAC purified His6NGαi1 fractions. (B) Lane Descriptions: 1-2 – GF-HPLC purified 
His6NGαi1 from IMAC fractions of the protein.

(A) (B)

50kDa

40kDa
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A bunch of these crystals was collected in a 75µm loop and analysed by X-ray (Figure

11D). Several rings, at high (< 5Å) and low resolutions (>17Å) were visible in the X-ray 

diffraction image. Rings are observed, as opposed to diffraction spots, since there is more 

than one crystal in the X-ray beam and so a powder diffraction pattern is produced. Rings 

appearing near the beam stop (Figure 11D green-dashed arrow) appear at a resolution of 

~50Å. An attempt to index the data using powder diffraction software failed due to an 

inability to resolve the low resolution diffraction. Since the 50Å data was not included in 

the indexing the unit cell size could not be accurately calculated. Powder diffraction 

analysis would require oscillation of the crystal during the diffraction experiment and a 

large distance between the crystal and the detector to enable collection of the low angle 

(A)

Figure 11. X-ray diffracting crystals formed in the presence of sodium sulphate, bis tris propane and PEG. (A) 
Beginning of crystal growth occurred within 3 days of set up. The image was taken at a magnification of 144x 
(B) Mature crystals at 3 weeks after set up. The image was taken at a magnification of 64x. (C) Mature 
crystals at 3 weeks after set up. The image was taken at a magnification of 144x. (D) X-ray diffraction of a 
bunch of the micro-crystals, the detector distance was 250mm and the crystals were rotated 1o in the X-ray 
beam, over a period of 10 minutes

(B)

(C)

(D)

Beam stop
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diffraction data. Ideally a synchrotron powder diffraction beamline would be used. These 

experiments are currently being investigated.

It was quite possible that the Gα protein would crystallise independently of the receptor but 

interestingly, when the same crystallisation conditions were repeated in the absence of 

receptor, no crystals formed. It is encouraging that these crystals formed under similar 

conditions to β2AR – which were grown from a monoolein cubic phase (containing 

cholesterol) in the presence of 0.1M Bis-Tris propane pH6.5-7.5, 0.1-0.2M sodium 

sulphate, 30-35% (w/v) PEG400 and 5-7% (v/v) 1,4-butanediol. The next step would be to 

try and optimise the crystallisation/precipitant conditions such that single crystals are 

formed. Unfortunately this crystallisation trial used the last stock of receptor produced in 

this study and so the condition could not be repeated within the required time frame of this 

study. Following submission of this thesis, optimisation of the crystallisation condition 

may be attempted. However, whilst the results presented in Figure 11 are encouraging they 

are, once again, preliminary.

Concurrently with three dimensional in meso crystallisation trials, two-dimensional crystal 

trials were also being conducted with the His10CH1R.

4.4.5. Reconstitution of His10CH1R into asolectin and formation of two 

dimensional crystals

Asolectin is a commercially available lipid mixture consisting of saturated fatty acids 

(24%), mono-unsaturated fatty acids (14%) and poly-unsaturated fatty acids (62%). 

Reconstitution of the His10CH1R into asolectin for use in functional  and nuclear magnetic 

resonance studies has been previously reported (Ratnala, et al., 2004) and for this reason it 

was selected for preliminary two-dimensional crystal trials. Electron diffracting crystals 

were formed under two conditions; either at a lipid:protein molar ratio of between 40:1 and 

60:1 (0.65 and 0.8 ratio, w/w) prepared using dialysis method 1, in the absence of DTAC 

(Figure 12A). Or at a lipid:protein molar ratio of 180:1 when detergent removal was rapid 

and DTAC was added following membrane reconstitution of the protein (Figure 12B). The 

salt DTAC is a precipitant and has been used in two dimensional crystallisation of 

bacteriorhodopsin (Michel, et al., 1980). 
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All subsequent crystals presented here were formed using DTAC addition to asolectin 

reconstituted His10CH1R. In separate work by another member of the laboratory (Dr Priya 

Bhakat, CSIRO), crystals were formed using lipid reconstitution only, without the presence 

of DTAC. 

The two-dimensional crystals were observed between 4 and 14 days post set-up (Figure 13, 

A and B). His10CH1R/asolectin/DTAC samples collected and observed more than 14 days 

after crystallisation set up showed an overall decrease in the number of crystals which 

exhibited strong electron diffraction (Figure 14, A1 and A2). This suggests that the crystals 

were not stable for extended periods of time.

Figure 12. Electron microscopy images of two-dimensional crystals formed in the presence of 
His10CH1R/asolectin and, unless otherwise stated, DTAC. 
(A) cryo-EM image of crystal prepared by dialysis in the absence of DTAC, scale bar = 5nm. 
(B) Image of electron diffracting crystal; (1) Negatively stained two dimensional crystal, 97,000x 
magnification, scale bar (red) =200nm; (2) Electron diffraction of (B), 720mm camera distance, 10 second 
exposure time, scale bar = 6nm-1. The approximate distance from the centre of the beam to the outer 
diffraction spots is 0.15nm, or 1.5Ǻ.

(A)

(B2)
(B1)
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The predominant diffraction pattern observed reflected a hexagonal lattice for the crystals 

(Figures 12 and 13). However other diffraction patterns were also observed as shown in 

Figure 14 B2.  In addition to the observation of different diffraction patterns, some areas 

which were clearly lipidic did not diffract (Figure 14C). On some crystals the hexagonal 

diffraction spots were visible to 4.5Å (Figure 12 B2) suggesting a highly ordered array 

within the crystal. At high magnifications (> 110,000x) some crystals had visible 

periodicity (lines in the image), which may represent the crystal lattice (Figure 13, B1). 

However greater than 90% of diffracting crystals were multilayered and did not give a 

defined diffraction pattern (Figure 12 and 13). Phase determination from 2D crystals 

requires excellent image collection – this means images of single layer crystals at a 

magnification of 60-70,000x. The formation of single layer crystals in suspension may be 

difficult due to the tendency for lipids to aggregate in solution. An alternative is to conduct 

2D crystallisation on a surface (by lipid bilayer immobilisation), but this requires precise 

spacing of the tethered bilayer from the surface and may limit the conformations available 

to the protein thus hindering crystallisation further. Single layer crystals may be favoured 

by variation in the protein:lipid ratio, the type of lipid used, or alternatively, by changing 

the sample preparation method. Treatment of the EM grid surface using glow discharge 

prior to adsorbtion of the sample may aid in the preparation of single crystals. Whilst four 

good 2D crystal images are enough to determine a phase projection map for the protein, 

thousands of images may be screened before images of sufficient quality are discovered. In 

this regard it is useful, if not essential, to have access to an optical diffractometer which is 

used to direct a laser beam through the film image of the 2D crystal in order to determine 

its quality, (i.e. a well ordered, well imaged crystal recorded will be useful for phase 

determination if the film image of it diffracts the laser beam). Such a diffractometer was 

not available during this study.
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(A1)

(B1)

(B2) (B3)

Figure 13. Electron microscopy and electron diffraction images for two-dimensional crystals formed in 
the presence of His10CH1R/asolectin and DTAC.
(A) cryo-EM prepared sample imaged 5 days after crystallisation set up; (1) two-dimensional crystal, 
52,000x magnification, scale bar = 500nm; (2)  electron diffraction of (1) d = 500mm, scale bar = 9nm-1.
(B)  Negatively stained sample imaged 4 days after crystallisation set up: (1) 59,000x magnification, scale 
bar = 200nm; (2) electron diffraction of (1), d = 1000mm, scale bar = 4nm-1; (3) the same two-
dimensional crystal recorded as an image on film, 110,000x magnification.

(A2)
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The electron diffraction pattern of 2D crystals formed from the 

His10CH1R/asolectin/DTAC mixture was interesting and appeared promising but, like the 

‘interesting’ in meso crystals, in the absence of a structure from the diffraction, there is no 

(C)

(A2)

Figure 14. Electron microscopy and electron diffraction images of two-dimensional crystals formed in the 
presence of His10CH1R/asolectin and DTAC.
(A) negatively stained sample imaged 3 weeks after crystallisation set up; (1) two-dimensional crystals, 97,000x 
magnification; (2) electron diffraction of (1), d =750mm, scale bar = 6nm-1.
(B) negatively stained sample imaged 5 days after crystallisation set up: (1) two-dimensional crystals, 59,000x 
magnification, scale bar = 200nm; (2) electron diffraction of (1), d = 750mm, scale bar = 6nm-1.
(C) negatively stained sample imaged 5 days after crystallisation set up, 59,000x magnification, scale bar = 200nm

(B1) (B2)

(A1)

Single layer

Multilayered

(C)
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certainty as to what is causing the electron diffraction. Several controls were performed in 

an attempt to confirm that diffraction was from a protein crystal. The diffraction was not an 

artifact of negative staining or hexagonal ice since the same diffraction was observed using 

either cryo-EM conditions (i.e. in the absence of uranyl acetate, Figure 13A) or negative 

stained sample imaging (in the absence of ice). Nor was it a result of crystallisation of the 

DTAC since crystals formed in the absence of the salt also diffracted (Figure 12A and 

work of Dr Priya Bhakat, CSIRO). Whilst the carbon in the grids will diffract the electron 

beam, this is clearly distinguishable from the diffraction pattern presented here (results not 

shown). One strong concern was that the lipids themselves were forming ordered 2D 

arrays, perhaps in combination with the salt (150mM NaCl) and ligand (20µM triprolidine) 

in the histamine gel filtration buffer. Thus crystallisation experiments with the asolectin 

and histamine gel filtration buffer were performed under identical conditions as those 

described, but in the absence of His10CH1R. As anticipated, diffraction was observed 

(Figure 15). Ironically crystals formed in the absence of protein tended to be single. The 

observed diffraction pattern for protein-free crystals did not appear similar to that observed 

in the presence of the protein (compare Figure 15 A2/B2 to Figure 12/13 B). 
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At this stage, analysis of the electron diffraction patterns and electron microscopic images 

was proving difficult due to problems with the software and the shortage of single crystal 

images. Ideally the EM images are used to extract information about the crystal – which 

was where analysis effort was initially focused. Given the results from the control 

crystallisation experiments, the crystals formed in the presence of His10CH1R looked 

indeed to contain the receptor. However, using the collected electron diffraction patterns, 

Bragg’s law and basic geometric equations an approximate value for the d-spacing of the 

crystal was calculated.

Figure 15. Electron microscopy and electron diffraction images of two-dimensional crystals formed in the 
absence of His10CH1R and presence of asolectin and DTAC. All samples were prepared using negative 
staining.
(A): (1) two-dimensional crystal imaged at 5 days after crystallisation set up, 59,000x magnification, scale bar 
= 200nm; (2) electron diffraction of (1), d= 750mm, scale bar = 6nm-1.
(B): (1) two-dimensional crystal imaged at 5 days after crystallisation set up, scale bar = 5µm, (2) electron 
diffraction pattern of (1), d = 750mm, scale bar = 6nm-1.

(A1)
(A2)

(B1)
(B2)
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4.4.6. Calculation of the d-spacing for 2D crystals formed in the 

presence of His10CH1R and asolectin.

For first order diffraction (i.e. n = 1), Bragg’s law becomes λ = 2d * sinθ, since θ<<1 this 

can be approximated to d = λ/2θ (equation 1). Basic geometry defines that tan(2θ) = X/D 

(defined in Figure 16), since θ<<1 this can be approximated to θ = X/2D (equation 2). X is 

measured directly from the electron diffraction pattern (Figure 16B) and is equal to 

41mm/6 (average of the distance between 6 diffraction spots). D is a parameter of the 

experiment and in this case is 1000m. Using equation 2 and the λ of the electron beam, θ is 

determined as ~3.4x10-3. This value is then used in equation 1 with the wavelength of the 

electron beam, which in this experiment was ~ 0.03349Å,  giving a d spacing of ~5.0Å for 

the two dimensional crystal.

5Å is far too small to be the d-spacing for a His10CH1R, which has a molecular weight of 

~56kDa, containing crystal. For a protein of this size the d-spacing should be ~50Å. Thus 

it could be that the diffraction observed is in fact from ordering of the lipid, perhaps in 

conjunction with salts or the triprolidine in the crystallisation buffer. It is interesting that 

this diffraction was not observed in crystals formed in the absence of protein but this may 

simply be a reflection of the number of measurements taken, which was biased towards 

Figure 16. Calculation of the d-spacing for 2D crystals formed in the presence of His10CH1R and asolectin. (A) 
Schematic interpretation of Bragg’s law and geometric considerations for calculation of d-spacing. Blue arrows 
represent the incident electron beam, green arrows the diffracted electron beam. Large black circles represent 
the crystal planes, small red circles represent the observed electron diffraction spots. Black lines represent the 
geometric considerations required for the calculation. D is the distance between sample (2D crystal) and 
detector, d is the spacing between the planes of the crystal, x is the distance between the diffraction spots and θ 
is the angle between the incident electron beam and the scattering planes of the crystal. (B) Example electron 
diffraction pattern, as described in Figure 13 of this chapter. Camera distance, (D), is 1000mm. The red line 
represents a distance of 41mm as measured directly from the film of the diffraction image.

         Crystal planes 

(viewed in cross section)

2θ
d

D

(A) (B)
X
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crystallisation set up in the presence of receptor. Further work is required to determine 

what it is that is causing the observed diffraction pattern and if it is masking the diffraction 

of potential 2D protein crystals.
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4.5. Conclusions

The His10CH1R construct was used in in meso (3D) and 2D crystallisation trials. 

Preliminary results identified the combination of HEPES pH7.5, PEG and possibly a 

sodium salt as a useful starting point for crystallisation of the His10CH1R. Inclusion of 

His6NGαi1 in in meso crystallisation trials with His10CH1R and monolein, produced 

aggregated microcrystals which diffracted X-rays in the manner of a powder. The 

diffraction was not caused by salt or surfactant. These crystals did not form in the absence 

of His10CH1R and so may represent 3D crystals of the receptor. 

Reconstitution of His10CH1R into asolectin produced multilayered 2D crystals. Electron 

diffraction demonstrated a hexagonal lattice for these crystals. However, an approximate 

calculation of the d-spacing demonstrated that this diffraction was not from a unit cell that 

was of sufficient size to incorporate the His10CH1R.
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5.  General discussions, future directions and 

conclusions of this study.
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Purification of mammalian seven-transmembrane receptors in itself is a difficult task, 

while attempts to crystallise such purified proteins adds an extra level of difficulty. In this 

regard this was an ambitious PhD project which had a high-risk of failure. Despite the 

challenge and the inherent time limitations, some progress was made towards 

crystallisation of a 7TMR. Yet there remains areas in the pathway from expression to 

crystallisation which could be further optimised and other areas which were not completely 

addressed in this study. In this chapter a general discussion of the results of this study will 

be combined with directions which, in hindsight, may have been useful for this project or 

may be useful for future work with the project. Like the chapters in this thesis, the process 

from DNA to protein structure can be divided into three areas – expression of the protein, 

purification of the protein and crystallisation of the protein (followed by a fourth challenge 

of protein crystallography, or solving the structure of the protein). It is under these 

headings that this chapter will be discussed.

5.1.1. Protein Expression

The expression of three receptors; the M2 muscarinic, H1 histamine and 5HT2A serotonin 

receptor was attempted in this study. If it is available (i.e. if the final aim is crystallisation 

of any 7TMR), the ability to select from a variety of receptors is particularly useful since 

expression levels of the receptors will vary substantially even in the same expression 

system. This was indeed observed in this study, with the 5HT2AR not expressing at all (or 

at levels too low for definitive detection) and the H1R expressing at an approximately 5x 

higher level than the M2R. The choice of expression system is important but in reality it is 

the next two stages i.e. purification and crystallisation which will determine if the 7TMR 

will crystalise. The two essential requirements when choosing an expression system is that 

the receptor is produced in a functional form and the cell culture can be easily up-scaled. 

The second requirement reduces the dependence on high expression of the receptor, which 

is an inherent limitation of integral membrane proteins regardless of the choice of 

expression system. With modifications to the receptor, such as the work which has been 

reported for the neurotensin-1 receptor (NTR1), it may be possible to express the receptor 

of interest (in functional form) in E. coli (Grisshammer, et al., 1993; Hanninen, et al., 

1994). This is an ideal situation since bacterial cultures are easily adapted to large scale 

culture and have a rapid growth rate enabling large quantities of protein can be produced. 

However without modification to the receptor, prokaryote expression will generally 
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produce non-functional/aggregated protein. In terms of 7TMRs, yeast is a somewhat 

neglected expression system but has been used successfully with a number of the receptors 

and may present a useful alternative to the baculovirus/insect cell expression system. 

Andre, et al., (2006) report expression levels of 39.1pmol/mg for both the D2 dopamine 

and 5HT5A serotonin receptors in the yeast system. Work in this study, and numerous 

others, suggests the baculovirus/insect cell expression system is particularly useful for 

7TMR expression. The baculovirus/insect cell system produces functional 7TMRs in good 

yields (pmol/mg), is adaptable to large scale culture, and the cells themselves are relatively 

easy to maintain. The most time consuming part of baculovirus/insect cell expression is 

construction of the recombinant baculovirus. In an ideal situation the baculovirus can be 

constructed within 2 – 3 weeks as was the case for the His6CM2R baculovirus but not for 

the His12CM2R or His6NM2R which took twice that time. However difficulties with 

cloning and in particular, recombination of the donor plasmid with the bacmid DNA within 

DH10Bac E. coli (a process over which one has little control) can extend this time 

substantially. Furthermore, if non-recombinant bacmid is isolated in-conjunction with 

recombinant bacmid (this can occur if the colour reaction demonstrating DH10Bac 

containing non-recombinant bacmid is not complete when colonies are selected), protein 

expression will gradually decrease as the virus is amplified and non-recombinant bacmid 

becomes favoured in the viral population. In this regard, amplification of the virus at a low 

MOI (such as 0.1, which was used in this study) can reduce the ability of any non-

recombinant baculoviruses to dominate. A possible disadvantage of the baculovirus/insect 

cell system, is the lytic nature of the virus. This limits the ability to perform further 

investigation of the receptor expression such as assessing the trafficking of the receptor to 

the membrane; it is highly likely that incompletely processed receptor is aggregated within 

the insect cell. If the receptors are being produced for cell based functional studies, as well 

as for purification, the vector pIZ/V5 (Insect Select, Invitrogen) allows both transient and 

stable expression in insect cells. It does however use a different promoter (OpIE2, as 

compared to polyhedrin for the baculovirus) for expression of the gene and subsequently 

expression levels of the receptor may vary between the two systems.

If one does wish to try a variety of cell types for expression, the Gateway® cloning system 

(Invitrogen) may be worth investigation. In this system the gene is cloned into an entry 

vector which subsequently can be recombined with a variety of destination vectors, via 

attenuation sites on each vector and the enzyme ‘Gateway® LR ClonaseTM. Hence the 
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cloning procedure is only performed once. Destination and expression vectors are available 

for mammalian, E. coli and baculovirus expression systems. This technology may prove 

useful for future work with the 5HT2AR which was purchased in the GatewayTM destination 

vector pDEST8 (Invitrogen).

5.1.2. Protein Purification

In comparison to intracellular or peripheral membrane proteins, 7TMRs are incredibly 

difficult to purify. Every step of the 7TMR purification protocol as well as every 

associated procedure required (such as the binding assay and the Western blot) seemed to

involve difficulties which could only be attributed to the proteins under investigation, since 

the protocols and procedures for the G-proteins could be performed with relative ease. The 

challenge begins at solubilisation of the membrane protein. Loss of functional protein is 

predominantly due to removal of the receptor from the membrane (i.e. solubilisation) in 

combination with the time required for purification – loss of solubilised functional protein 

is time (and temperature) dependent. Thus there are at least two areas in which functional 

protein yields may be increased. With the exception of the initial purification trials, which 

required some optimisation of parameters, in this study the purification was carried out in 

the shortest time frame possible which from cell lysis to purified protein was minimised at 

3 days. Although extensions to this time occasionally came from slow-running columns 

etc. Whilst it was not always available in this study, ideally all steps including 

chromatography should be performed at 4oC. Initial IMAC experiments in this study were 

performed at 4oC but later were performed at room temperature due to the availability of a 

HPLC chromatography workstation. It may also be useful to try additives other than 

receptor ligand at the solubilisation step, for example decaethylene glycol monododecyl 

ether (C12E10), cholesterol or a cholesterol derivative such as cholesteryl hemisuccinate. 

The primary purpose of the solubilisation step is essentially to allow purification of the 

receptor, since using current techniques the receptor cannot be separated from other 

integral membrane proteins whilst still in the cell membrane. In this respect it is possible 

that in vitro receptor expression may be of benefit by negating the solubilisation step. If 

receptors can be expressed independently of the expression of other proteins and directed 

to a simple artificial lipid bilayer (which is deemed compatible with crystallisation) or into 

surfactants (which can then be prepared as meso-phase structures) the requirement for 

detergent solubilisation would be negated.
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Without doubt the limitation of this study was an inability to report conclusive values for 

radioligand binding to the receptor following its solubilisation. In the initial phases of this 

work, when the purification procedures were being optimised and initial results 

demonstrated that the radioligand binding assay for soluble/ligand bound receptor would 

be difficult, the focus became producing purified receptor and detecting it by Western blot 

using antibodies to both the poly-Histidine tag and the receptor itself. Once these methods 

were established, and in fact after crystallisation trials had begun, the strategy then was to 

refocus on the binding assay. Since the binding assay had not been properly established, a 

high-affinity ligand was incorporated throughout the purification protocol (for both the 

muscarinic and histamine receptors) to stabilise the receptor following its removal from the 

cell membrane. The ideal situation, as mentioned in chapter 3, would be the use of two 

distinct receptor binding sites i.e. both orthosteric and allosteric sites, one for stabilisation 

during purification and the other for detection of functional protein. 

Rather than trialling a variety of purification procedures in this study, emphasis was placed 

instead on the IMAC method. This method was successful in that it lead to partial 

purification of the receptor, but other methods may have favoured for the retention of 

protein functionality and/or selected for functional protein. For example, the use of a 

ligand-affinity column would select for receptors which had retained functionality during 

solubilisation. Ideally a ligand affinity column would be used as the final chromatography 

step. A ligand-affinity column is not a simple task for either the muscarinic or the 

histamine receptor since there are no commercially available ligand resins. However, 

pyrilamine derivatives have been synthesised and attached to resin for purification of the 

H1 histamine receptor and ABT has been coupled to resin for purification of the M2

muscarinic receptor (Haga and Haga, 1983; Ruat, et al., 1992). This chromatographic 

method would however suffer the same difficulty of purifying ligand bound receptor, in 

that the receptor must be dissociated from the ligand. This is generally achieved by 

modification of the buffer compositions (such as an increase in ionic strength or change in 

pH), but one would need to select carefully to ensure receptor functionality is not lost 

during the elution process. In addition to their potential use in stabilisation of the receptor, 

allosteric modulators and Gα based peptides (see CADEN biosciences; 

http://www.cadenbiosciences.com/index.php?id=2 ) would provide useful tools for 

receptor purification. In particular, such peptides may be useful for purification since they 

are amenable to attachement to a solid support, either through thiol-maleimide or ester 
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linkage of the amino acids to resin. Alternatively a biotinylation sequence could be added 

to the peptide and then biotin used to couple the peptides to (commercially available) 

streptavidin resin.

5.1.3. Protein Crystallisation

Once the 7TMR has passed through the rigors of purification, the next challenge becomes 

that of crystallisation. Although in this study the percentage of functional receptor in the 

final purified His10CH1R sample was not conclusively demonstrated, it was decided to 

attempt crystallisation. The decision to attempt crystallisation of the His10CH1R was based 

on a number of factors – 1) it had not been demonstrated that all receptor was non-

functional and even the presence of a small amount of functional receptor allows the 

potential for crystallisation of functional receptor; 2) even if non-functional receptor was 

crystallised it may still provide useful structural information; 3) regardless of the protein, 

methods for in meso crystallisation required development and it seemed logical to at least 

try the His10CH1R and 4) of course there were time limitations for this study and 

preliminary crystallisation experiments provided a good point for completion of the work. 

Substantial additional work will be required to define the properties of the crystals 

observed in this study. The co-crystallisation experiments with His6NGαi1 should be further 

investigated by attempting to collect and analyse further powder diffraction data and by 

attempting to grow single crystals. While some of the crystallisation results are particularly 

encouraging, without the final confirmation which would come from structure 

determination, it is difficult to draw conclusions about the formation of His10CH1R 

crystals. Furthermore, a significant back-catalogue of work preceded crystallistion of the β2

adrenergic receptor and it would be particularly fortunate to achieve the same result with 

substantially less work. 

Generally, crystallisation of 7TMRs is another challenging step towards structure 

determination at the atomic level. Many 7TMRs contain long flexible regions, for example 

the third intracellular loop of the M2 and H1 receptors. If the aim is crystallisation, it may 

be desirable to remove these regions of the receptor at the cloning stage. Investigations 

with the M2R have suggested that amino acids 233 – 380 (in the third intracellular loop)

can be removed without effecting receptor interaction with G-proteins (Sarramegna, et al., 

2003). This is similar for other type A 7TMRs, however removing parts of the receptor 

would not provide a holistic overview of the receptor function. An alternative to removal 
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of regions of the protein is stabilisation using a secondary protein such as antibody 

fragments, which have been successfully used for crystallisation of the β2AR (Rasmussen, 

et al., 2007). A more appealing alternative is to co-crystalise with the natural receptor 

binding partners to the G-proteins, in particular the Gα subunit. As well as stabilising 

regions of the receptor, co-crystallisation of the receptor with G-proteins would provide a 

unique insight into the interaction between the two proteins and may allow for the 

molecular replacement method to be used to solve the phase problem when determining 

structure. It may also be beneficial/necessary to modify the G-protein to provide a more 

stable interaction between G-protein and receptor. Once again, high affinity Gα based 

peptides may have a role in this regard. 

Whilst modifications can be made to the receptor or to the methods used for crystallisation, 

the ideal situation is not to change the proteins themselves but to change the methods by 

which they are studied. This will become increasing possible as the dialogue between 

biologists and physicists increases. One upcoming and promising field is single molecule 

diffraction (Hajdu, 2000). The development of X-ray free-electron lasers (FELs) will 

enable the production of a 100 femto-second duration beam with a brilliance 10 to 11 

orders of magnitude higher than that which can be produced by current synchrotrons. The 

femto second beam time and high energies allow each molecule to be shot once, with 

radiation damage subsequently destroying the molecule. Thus a spray/vapour of the 

molecules is directed into the beam, each molecule is shot once, and then averaging is used 

to construct the structure of the molecule. Two such lasers are being built, one at Stanford 

(http://www-ssrl.slac.stanford.edu/lcls/ ) and the other in Germany (http://tesla-

new.desy.de/). This technology would be ideal for membrane proteins as it would avoid the 

current requirement for crystallisation and, potentially, the requirement for purification. 

Whilst FELs are still in development, microfocus X-ray beams are already available for 

use at the European Synchrotron Radiation Facility (France), Swiss Light Source 

(Switzerland), Advanced Photon Source (U.S.A) and the Photon Factory (Japan). These 

beams use advanced X-ray optics to focus the X-ray beam to dimensions down to less than 

1µm whilst retaining high flux. Thus microfocus beamlines allow for the diffraction of 

very small crystals – which are commonly produced when membrane proteins are 

crystallised. Both structures of the β2AR were calculated from protein crystal diffraction of 

microfocus beamlines.
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Whilst electron crystallographic technologies have not significantly advanced in the past 

decade (particularly in comparison to X-ray crystallography), the formation of two-

dimensional crystals remains appealing. By definition, two-dimensional crystals should be 

simpler to form since order is only required in two dimensions and the receptor is being 

reconstituted into a ‘natural like’ environment of the artificial bilayer. It is also interesting 

to note that β2AR crystals formed using the bicelle method were reported to be stacks of 

two-dimensional crystals (Rasmussen, et al., 2007). Thus the formation of two-dimensional 

crystals may be an initial step toward three-dimensional crystallisation and 

crystallography.

5.1.4. Final conclusions of this study

Expression of poly-Histidine tagged M2 muscarinic receptor and H1 histamine receptor was 

demonstrated using the baculovirus/insect cell system. Expression of the 5HT2A serotonin 

receptor in the baculovirus/insect cell system could not be conclusively demonstrated. 

Addition of receptor specific ligands to baculovirus infected insect cell cultures of the 

muscarinic and histamine receptor modulated the density of receptors in the cell 

membranes. Purification of the His6CM2R and His10CH1R was achieved using IMAC and 

gel-filtration with receptor presence being confirmed by Western blot. In meso (three-

dimensional) and two-dimensional crystallisation trials were conducted using purified 

His10CH1R. Preliminary results suggest the presence three-dimensional crystals which 

were formed in the presence of His10CH1R and His6NGαi1. Initial results suggested the 

formation of 2D His10CH1R crystals. However, calculation of the d-spacing for the two-

dimensional crystals determined the crystal unit cell size to be too small to contain the 

His10CH1R. Work on the three-dimensional crystals formed in the presence of His10CH1R 

is ongoing.
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7. Appendix for Chapter 2

7.1. Production of Baculoviruses

Figure 3. [3H]-scopolamine binding to Sf9 infected with His6CM2R recombinant 

baculovirus.

Figure 4. [3H]-pyrilamine binding to cells infected with His10CH1 recombinant 

baculovirus.

Figure 4. [3H]-pyrilamine binding to Sf9 cells infected with recombinant His(10C)H1 baculovirus. Cells were 
collected at 24 (blue squares), 48 (red triangles), 72 (green circles), 96 (purple diamonds) and 120 (black 
diamonds) hours post baculovirus addition and assayed for specific [3H]-pyrilamine binding. Non-specific 
binding was determined in the presence of 10μM triprolidine. Each point is representative of a single 
experiment..
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Figure 3. [3H]-Scopolamine binding to cells infected with His(6c)M2 recombinant baculovirus.  Cells were 
collected at 24 hour intervals post baculovirus addition and assayed for specific [3H]-Scopolamine binding. 
Non-specific binding was determined in the presence of 10μM atropine. Data points are as follows: blue squares 
24hpi; red triangles 48hpi; green circles 72hpi; purple diamonds 96hpi. Data points represent the mean ± S.E.M, 
n = 3.
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7.2. Expression of the M2 muscarinic receptors

Figure 7. [3H]-scopolamine binding to Histidine tagged M2 muscarinic receptors.

7.3. Ligand Culture

Figure 14. [3H]-scopolamine binding to His6CM2R membranes prepared from ligand 

treated Sf9 cells.

Figure 7. [3H]-Scopolamine binding to Histidine tagged M2 Muscarinic receptors in membranes prepared from 
Sf9 cells infected with recombinant baculovirus. N terminal hexa-Histidine tagged M2R (blue squares), C 
terminal hexa-Histidine tagged M2R (red triangles) and C terminal dodeca-Histidine tagged M2R (green circles). 
Kd values were calculated using single site non-linear regression and were 1.9, 2.2 and 1.8 nM respectively.
Bmax values were calculated as 9.3pmol/mg, 9.7pmol/mg and 7.8pmol/mg for the His6NM2R, His6CM2R and the 
His12CM2R respectively. Non-specific binding was determined in the presence of 10μM atropine and was less 
than 10%. Data points represent the mean ± S.E.M, n=3. 
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Figure 14. [3H]-scopolamine binding in membranes prepared from ligand treated, His(6C)M2R baculovirus 
infected Sf9 cells. Blue squares no ligand treatment, red triangles treatment with atropine, purple circles 
treatment with pirenzepine, green triangles treatment with acetylcholine. Bmax and Kd values were 
calculated from one site saturation binding analysis (n=3) and were as follows: control (8.4 pmol/mg, 
0.7nM), atropine (15.8pmol/mg, 1.0nM), pirenzepine (5.5pmol/mg, 1.1nM) and acetylcholine 
(3.3pmol/mg, 5.8nM). 
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Figure 15. [3H]-pyrilamine binding to His10CH1R membranes prepared from ligand treated 

Sf9 cells.

Figure 16. [3H]-spiperone binding to His6CD2LR membranes prepared from ligand treated 

Sf9 cells.

Figure 15. [3H]-pyrilamine binding in membranes prepared from ligand treated, His(10C)H1R baculovirus 
infected Sf9 cells. Blue squares no ligand treatment, red diamonds treatment with triprolidine, green cricles 
treatment with pyrilamine, purple triangles treatment with histamine. Bmax and Kd values were calculated 
from one site saturation binding analysis (n=3) and were as follows: control ( 25pmol/mg, 3.8nM), 
triprolidine (72pmol/mg, 5.9nM), pyrilamine (44pmol/mg, 10.2nM) and histamine (15pmol/mg, 2.1nM). 
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Figure 16. [3H]-spiperone binding to His6CD2LR membranes prepared from ligand treated Sf9 cells. Blue 
squares no ligand treatment, red triangles treatment with bromocryptine, purple circles treatment with NPA,
green diamonds treatment with haloperidol. Bmax and Kd values were calculated from one site saturation 
binding analysis (n=3) and were as follows: control (8.7pmol/mg, 1.3nM), bromocryptine (19.4pmol/mg, 
2.5nM), haloperidol (11.3pmol/mg, 1.4nM) and NPA (23.3pmol/mg, 2.0nM). 


