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22 SUMMARY:
23 This report describes screening of different detergents for preparing the visual GPCR, rhodopsin,
24 and its complex with mini-Go. Biochemical methods characterizing the quality of the complex at
25  different stages during purification are demonstrated. This protocol can be generalized to other
26 membrane protein complexes for their future structural studies.
27
28  ABSTRACT:
29  The key to determining crystal structures of membrane protein complexes is the quality of the
30 sample prior to crystallization. In particular, the choice of detergent is critical, because it affects
31 both the stability and monodispersity of the complex. We recently determined the crystal
32 structure of an active state of bovine rhodopsin coupled to an engineered G protein, mini-Go, at
33 3.1 Aresolution. Here, we detail the procedure for optimizing the preparation of the rhodopsin—
34  mini-G, complex. Dark-state rhodopsin was prepared in classical and neopentyl glycol (NPG)
35 detergents, followed by complex formation with mini-G, under light exposure. The stability of
36 the rhodopsin was assessed by ultraviolet-visible (UV-VIS) spectroscopy, which monitors the
37 reconstitution into rhodopsin of the light-sensitive ligand, 9-cis retinal. Automated size-exclusion
38 chromatography (SEC) was used to characterize the monodispersity of rhodopsin and the
39 rhodopsin—mini-G, complex. SDS-polyacrylamide electrophoresis (SDS-PAGE) confirmed the
40 formation of the complex by identifying a 1:1 molar ratio between rhodopsin and mini-G, after
41  staining the gel with Coomassie blue. After cross-validating all this analytical data, we eliminated
42  unsuitable detergents and continued with the best candidate detergent for large-scale
43  preparation and crystallization. An additional problem arose from the heterogeneity of N-
44  glycosylation. Heterologously-expressed rhodopsin was observed on SDS-PAGE to have two
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different N-glycosylated populations, which would probably have hindered crystallogenesis.
Therefore, different deglycosylation enzymes were tested, and endoglycosidase F1 (EndoF1)
produced rhodopsin with a single species of N-glycosylation. With this strategic pipeline for
characterizing protein quality, preparation of the rhodopsin—mini-G, complex was optimized to
deliver the crystal structure. This was only the third crystal structure of a GPCR-G protein
signaling complex. This approach can also be generalized for other membrane proteins and their
complexes to facilitate sample preparation and structure determination.

INTRODUCTION:

Determining crystal structures of membrane proteins and their complexes has always been
challenging due to difficulties in obtaining well-diffracting crystals. In contrast to soluble proteins,
integral membrane proteins comprise a hydrophobic core that spans the cell membrane. To
remove membrane proteins from the cell membrane into aqueous buffer, detergents have to be
used to form a detergent-protein micelle, thus replacing the lipids around the hydrophobic core
of membrane proteins. Stability, activity and integrity of membrane proteins are directly
dependent on the chemical and structural properties of the detergent!, and the detergent’s
properties also determine the size of the micelle. A large detergent micelle may occlude the
hydrophilic surfaces of a small membrane protein, thus preventing crystallization due to the lack
of crystal contacts when using vapor diffusion method. A small detergent micelle is advantageous
for crystallography, but short chain detergents are usually harsher and therefore lead to
destabilization and aggregation of the membrane protein. Therefore, before crystallization, an
additional detergent screening procedure is indispensable, typically targeting shorter detergents
that still maintain protein stability.

G protein-coupled receptors (GPCRs) are integral membrane proteins containing seven
transmembrane o-helices. GPCRs exist in two main states, either an inactive state stabilized by
inverse agonists or antagonists, or an active state bound to an agonist and stabilized by a G
protein, although it is likely that a multitude of sub-states exist between these two extremes.
Structure determination of GPCRs initially focused on inactive states bound to inverse agonists
and antagonists due to their higher stability than active states?. When GPCRs are activated upon
agonist binding, the receptors are highly dynamic, and a cleft forms transiently on the
cytoplasmic face of the receptor for G protein coupling. It is thought that this dynamism is why
agonist-bound GPCRs are often more unstable than the inactive state. Therefore, it becomes
essential to screen for detergents appropriate for the conformational state of the receptor under
study, because it is likely that milder detergents will be required for studying an active state
compared to an inactive state.

In this report, we use the visual GPCR, bovine rhodopsin3, and its complex with mini-G, protein*?
for the detergent screening experiments, representing the inactive state and active state,
respectively. The detergent screening focused on the classical alkyl maltoside and glucoside
detergents and the neopentyl glycol (NPG) detergents. In this context, a classical detergent is
built from a sugar head group and an alkyl chain, while the NPG type detergents contains two
identical classical detergents that are fused by a quaternary carbon at the interface between the
sugars and the alkyl chains®2.
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An experimental workflow was designed starting from the purification of rhodopsin in different
detergents, followed by formation of the rhodopsin—mini-G, complex and ending with the
characterization of the complex using several methods (Figure 1). For the inactive state of
rhodopsin, reconstitution of the light sensitive ligand 9-cis retinal was monitored by ultraviolet-
visible (UV-VIS) spectroscopy. The spectrum reveals the physicochemical state of the retinal and
is indicative of its environment in the retinal binding pocket of rhodopsin. Size exclusion
chromatography (SEC) was employed to assess monodispersity of purified rhodopsin as well as
formation of the rhodopsin—mini-G, complex. As SEC differentiates protein molecules by their
size and shape, aggregated protein population can be identified as they elute in the void volume.
To confirm complex formation, fractions from SEC were assessed by sodium dodecyl! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) to confirm the presence of both rhodopsin and
mini-Go.

Another factor that needs to be considered is post-translational modifications (PTM) on the
membrane proteins. PTM such as N-glycosylation are often observed on eukaryotic membrane
proteins produced in mammalian and insect cell expression systems. A limited N-glycosylation
strain of the human embryonic kidney 293 (HEK293) cells was developed by deletion of the gene
encoding N-acetylglucosaminyltransferase | (GnTl), resulting in homogenous N-glycosylation by
GIlcNAc;Mans at the consensus site Asn-X-Ser/Thr. Although N-glycosylation can be prevented by
mutating an amino acid residue in the consensus site, this may also alter the function of the
protein or the efficiency of folding. In bovine rhodopsin, mutation of the N-glycosylated residue
Asn15 leads to incorrect folding and reduced G protein activation®°. The rhodopsin used in this
report was expressed in HEK 293 GnTl-deficient cell line. However, SDS-PAGE showed the
presence of two species of rhodopsin. This heterogeneity could prevent crystal formation and
therefore deglycosylation using peptide-N-glycosidase F (PNGase F) and endoglycosidase F1
(Endo F1) was tested. The deglycosylated product was characterized by SDS-PAGE and liquid
chromatography-mass spectrometry (LC-MS) to identify the level of glycosylation and its
homogeneity.

PROTOCOL:

NOTE: This protocol for detergent screening is detailed for 30 g of HEK293 cell pellet as starting
material.

1. Materials, chemicals and reagents

NOTE: All solutions are prepared using analytical grade reagents and ultrapure water, which is
purified from deionized water to reach a resistivity of 18.2 MQ-cm at 25 °C.

1.1. Buffer stock solutions

1.1.1. Prepare 10x phosphate buffered saline (10x PBS).
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1.1.2. Prepare HEPES buffer: 1 M, titrated to pH 7.5 with NaOH.

1.1.3. Prepare 5 M NaCl.

1.1.4. Prepare 2 M MgCl,.

NOTE: All stock solutions are passed through a 0.22 um filter to maintain their sterility.

1.2. Detergent stock solutions

1.2.1. Prepare dodecyl maltoside (DDM), 10% (w/v).

1.2.2. Prepare decyl maltoside (DM), 10% (w/v).

1.2.3. Prepare 6-cyclohexyl-hexyl maltoside (Cymal-6), 10% (w/v).

1.2.4. Prepare 5-cyclohexyl-pentyl maltoside (Cymal-5), 10% (w/v).

1.2.5. Prepare nonyl glucoside (C9G), 10% (w/v).

1.2.6. Prepare lauryl maltose neopentyl glycol (LMNG), 5% (w/v).

1.2.7. Prepare decyl maltose neopentyl glycol (DMNG), 10% (w/v).

1.2.8. Prepare cymal-6 neopentyl glycol (C6NG), 10% (w/v).

1.2.9. Prepare cymal-5 neopentyl glycol (C5NG), 10% (w/v).

1.2.10. Prepare octyl glucose neopentyl glycol (OGNG), 10% (w/v).

NOTE: For 10% detergent stock solution, dissolve 1 g of detergent powder in ultrapure water with
gentle rocking, and then adjust the final volume to 10 mL. Detergent stock solution should be
kept at -20 °C for long-term storage and on ice whilst working.

CAUTION: Bottled detergents are usually recommended to store at -20 °C freezer. The bottles
containing detergent powder should be warmed to room temperature before opening.
Detergent powder is hygroscopic, so temperature equilibration will prevent the formation of
condensation that will wet the detergent.

1.3. Other chemicals and reagents

1.3.1. Prepare 1D4 immunoaffinity agarose resin: 10 mL of the 50% slurry.

NOTE: The 1D4 immunoaffinity agarose are the agarose beads linked with the monoclonal
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Rho1D4 antibody, which binds the last 9 amino acids of bovine rhodopsin TETSQVAPA as epitope.
The 1D4 immunoaffinity agarose works as affinity purification material to capture proteins that
contain a C-terminal 1D4 sequence. This purification material can be prepared® ! or purchased.
1.3.2. Prepare 9-cis retinal solution: 1 mM, dissolved in 100% ethanol.

NOTE: Prevent light exposure to retinal during preparation and storage.

1.3.3. Prepare 1D4 peptide (sequence TETSQVAPA): 800 uM, dissolved in water.

1.4. Buffers

NOTE: All buffers are mixed from the stock solutions to the desired concentration. All buffers are
chilled to 4 °C before use.

1.4.1. Prepare Buffer A: PBS, 0.04% DDM.
1.4.2. Prepare Buffer B: 20 mM HEPES pH 7.5, 150 mM NacCl, 0.04% DDM.

1.4.3. Prepare Buffer C: 20 mM HEPES pH 7.5, 150 mM NaCl, and detergent at their working
concentration listed in Table 1.

1.4.4. Prepare Buffer D: 20 mM HEPES pH 7.5, 150 mM NaCl.

1.4.5. Prepare Elution buffer: 20 mM HEPES pH 7.5, 150 mM NaCl, 80 uM 1D4 peptide, and
detergent at their working concentration.

1.4.6. Prepare SEC buffer: 20 mM HEPES pH 7.5, 150 mM NaCl, 0.025% DDM,; filtrated through a
0.22 um filter.

1.5. Solvent for LC-MS

1.5.1. Prepare solvent A: acetonitrile containing 0.1% formic acid.

1.5.2. Prepare solvent B: ultrapure water containing 0.1% formic acid.

1.5.3. Prepare solvent C: iso-propanol.

2. Cell membrane solubilization and protein extraction

2.1. Thaw 30 g of HEK293 GnTI" cell pellet expressing the bovine rhodopsin mutant
N2C/M257Y/D282C3° to room temperature, add 120 mL of 1x PBS buffer containing protease

inhibitor cocktail and homogenize using a Dounce homogenizer or an electric homogenizer
(23,000 rpm for 30 s). Collect the homogenized cell suspension in a beaker and adjust the volume
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to 150 mL.
NOTE: 30 g of cell pellet is equivalent to 3 L of cell culture at 2 x 10° cell/mL density.

2.2. Gently add 10% DDM to the homogenized cells to give a final concentration of 1.25%. Stir on
ice for 1 h.

2.3. Centrifuge the cell lysate at 4 °C and 150,000 x g for 45 min to remove the unsolubilized
debris.

2.4. Transfer the supernatant to a 500 mL bottle and add 10 mL of the 1D4 immunoaffinity
agarose resin (50% slurry). Gently mix the solubilized cell lysate and resin for 4 h or overnight at
4 °C.

2.5. Load the lysate/resin mixture to an open column to collect the resin.

2.6. Wash the resin with 10 column volumes (CV) of the wash buffer A.

NOTE: The column volume is the volume of the packed (100%) agarose resin used. In this case, 1
CVis 5 mL.

2.7. Resuspend the resin with 2 CV of Buffer A.

CAUTION: From step 2.8 onwards, steps that need to be carried out under dim red-light condition
are labelled with “[Dark]” at the beginning of the description.

2.8. [Dark] Add 9-cis retinal to the resuspended resin to the final concentration of 50 uM. Gently
mix at 4 °C for 4-16 h in the dark.

NOTE: A shorter incubation time may lead to incomplete reconstitution of retinal.

2.9. [Dark] Remove flow through from the column. Wash resin with 20 CV Buffer A, followed by
15 CV Buffer B.

2.10. [Dark] Resuspend the resin in 2 CV Buffer B, and then divide the resin suspension equally
to 10 10-mL disposal columns.

2.11. [Dark] Remove flow through from the column, and then resuspend the resin in 1 mL Buffer
C. Incubate for 1 h at 4 °C.

2.12. [Dark] Repeat step 2.11.

2.13. [Dark] Remove flow through from the column, and then resuspend the resin in 0.8 mL
Elution Buffer for each column. Gently mix for 2 h.
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2.14. [Dark] Collect elution from the column into a 2 mL tube.

2.15. [Dark] Resuspend the resin in 0.7 mL of Elution Buffer for each column. Gently mix for 1 h.
2.16. [Dark] Collect elution from the column into the same tube.

3. UV-VIS spectroscopy

3.1. Prepare the spectrophotometer to cover the measurement range of 250-650 nm. Record the
baseline using water or Elution Buffer.

3.2. [Dark] Load the eluted protein to the quartz cuvette. Measure the spectrum of the protein
sample.

3.3. [Dark] llluminate the protein directly in the cuvette for 2 min with light passed through a 495
nm long-pass filter.

3.4. Measure the spectrum of the illuminated sample.

3.5. Perform the same measurement for all the protein samples purified in the other 9 detergents,
both dark and illuminated states.

3.6. Plot the curves (absorbance versus wavelength) in X-Y scatter chart.

4. Automated size-exclusion chromatography of rhodopsin and rhodopsin—-mini-G, complex
4.1. [Dark] Concentrate protein to 100 pL by centrifugation using a spin concentrator with a
molecular weight cut-off (MWCO) of 30 kDa at 4 °C. Overconcentrated samples can be diluted
using the flow through from the concentrator or Buffer C. To determine protein sample

concentration, measure absorbance at 280 nm using a spectrophotometer.

NOTE: From step 4.2 onwards, the experiment does not require a dark environment, and
therefore samples can be prepared under normal light.

4.2. Prepare 100 pL rhodopsin at 0.7 mg/mL for each detergent condition.
4.3. Prepare 100 pL of rhodopsin (0.7 mg/mL) and mini-Go**? (0.2 mg/mL) mixture for each
detergent condition. Supplement the mixture with 1 mM MgCl,. llluminate the mixture with light

from a 495 nm long-pass filter and incubate for 30 min.

4.4. Mount a 24 mL gel filtration column with a fractionation range of 10-600 kDa of a globular
protein on a liquid chromatography purifier. Equilibrated the column with SEC buffer.
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NOTE: The liquid chromatography purifier is equipped with an autosampler, a multiple
wavelength detector and a fraction collector.

4.5. Transfer the samples to the autosampler vials and place them in the sample tray. Program a
method file to automate sequential SEC runs for each sample, with the autosampler loading 77
uL of the sample to the column, and the purifier eluting 24 mL of SEC buffer at a flow rate of 0.5

mL/min per run. Record the absorbance at 280 nm and 380 nm.

4.6. Collect the peak fractions of rhodopsin and rhodopsin—mini-G, complex at the retention
volume around 12.9 mL.

4.7. Analyze the left rhodopsin samples from step 4.2 and the peak fractions of rhodopsin—mini-
G, complex on 4-12% SDS-denaturing gradient gels with Coomassie blue staining.

4.8. Plot the elution chromatogram (Azso or Asgo versus retention volume).
5. Deglycosylation and LC-MS study
5.1. For LC-MS study, only use the rhodopsin sample purified in LMNG detergent.

5.2. Prepare a 200 pL mixture of rhodopsin at 1 mg/mL and PNGase F*3 at 0.01 mg/mL. Mix well
and incubate at 4 °C overnight.

5.3. Prepare a 200 pL mixture of rhodopsin at 1 mg/mL and Endo F1'3 at 0.01 mg/mL. Mix well
and incubate at 4 °C overnight.

5.4. Analyze the digestion result by SDS-PAGE and Coomassie blue staining.

5.5. Concentrate untreated and Endo Fl-treated rhodopsin samples and subject to SEC
purification in Buffer D.

NOTE: This is to prepare the sample with minimal quantity of detergent for LC-MS study. Buffer
D does not contain any detergent, but due to the slow off-rate of LMNG from a membrane
protein'4, rhodopsin will not aggregate.

5.6. Collect the peak fraction at retention volume around 12.9 mL. Concentrate to 1 mg/mL using
a spin concentrator (MWCO 30 kDa).

5.7. Inject 10 pg of the protein into a Reprosil 200 C18-AQ column and elute the column using
the linear gradient method with the solvent composition and settings listed in Table 2. The flow
is split to 25% for mass spectrometer and 75% for UV detection.

REPRESENTATIVE RESULTS:
The experimental workflow for sample preparation and analysis is summarized in Figure 1. Using
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open columns for small-scale affinity purification allowed us to prepare samples in many different
detergent conditions in parallel (Figure 1A). Such a small-scale purification set-up yielded
sufficient protein for further analyses using UV-VIS spectroscopy, SEC and SDS-PAGE (Figure 1B-
C).

UV-VIS spectroscopy revealed rhodopsin stability

Stability of the retinal-reconstituted rhodopsin was assessed by its optical absorbance (Figure 2).
In the dark state, 9-cis retinal is covalently linked to Lys296 as a protonated Schiff base. After
illumination, the 9-cis retinal is isomerized to the all-trans isoform and the Schiff base link is
deprotonated. The protonated 9-cis retinal gives an absorption peak at 488 nm, while the
deprotonated all-trans retinal has a peak at 380 nm. The UV-VIS spectra of rhodopsin in DDM
showed the typical absorption of 9-cis retinal-bound and light-activated rhodopsin, where a blue
shift of 108 nm with roughly the same optical density was clearly observed (Figure 2A, upper left
panel). When rhodopsin is destabilized, and then the binding pocket for retinal changes, which
results in retinal deprotonation and possibly dissociation. If this happens, and then the spectrum
shows the contribution from deprotonation as well as the free form of retinal®. Therefore, we
determined the efficiency of retinal reconstitution into rhodopsin by the absorbance ratio
between the protein (280 nm) and the retinal (488 nm for protonated 9-cis retinal, 380 nm for
deprotonated all-trans retinal) (Figure 2B). Rhodopsin samples purified in the classical detergents
(DDM, DM, Cymal-6, Cymal-5, C9G) show the same optical profile. However, the samples purified
in the NPG detergents (LMNG, DMNG, Cymal-6NG, Cymal-5NG) show optical profiles suggesting
a sub-optimal binding environment for retinal except for the OGNG sample, which gave the same
optical profile as the DDM sample.

Size-exclusion chromatography showed sample purity and protein monodispersity. SEC is an
efficient and robust analytical tool for evaluating protein samples during preparation and
screening. It validates sample purity from the previous purification step as well as the
monodispersity of the protein molecules. For rhodopsin and its mini-G, complex, the sample
quality was interpreted from the absorption curves at 280 nm and 380 nm (Figure 3A). The 280
nm traces showed the presence of protein, and the 380 nm trace showed the presence of retinal.
Any signals appearing in the void volume (around 8 mL when using this column) were attributed
to protein aggregates. Therefore, the results showed that samples prepared in the classical
detergents were in a monodisperse state except for C9G, where some portion of aggregate
appeared. In contrast, samples prepared using the NPG-type detergents contained much more
aggregates than the C9G sample; LMNG and Cymal-6NG led to the most aggregate formation,
but less aggregates were observed in DMNG and Cymal-5NG. The exception was OGNG, which
showed a similar profile to DDM. Protein aggregates eluting at the void volume also had poorer
retinal occupancy, as shown by the Azso/Asso ratio that had increased in comparison to the peak
at the retention volume of ~12.9 mL corresponding to 135 kDa. Another feature we observed
was that both rhodopsin and rhodopsin—mini-G, eluted around the same retention volume
(Figure 3B). This is unsurprising, because the apparent molecular weight of detergent-bound
rhodopsin was 120 kDa and that of rhodopsin—mini-G, 144 kDa. We therefore could not ascertain
complex formation merely from the SEC data, so SDS-PAGE was used to further analyze the SEC-
purified sample.
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SDS-PAGE confirmed complex formation

SDS-PAGE is a standard method to identify the protein components in a sample. Concentrated
rhodopsin (prior to SEC purification) were analyzed by SDS-PAGE to confirm its purity, and
showed two bands near 37 kDa and a smeared band above 50 kDa (Figure 4A). The lower two
bands were later confirmed to have different N-glycosylation states. The band above 50 kDa was
interpreted as aggregated rhodopsin oligomers induced by the SDS-PAGE sample buffer because
these aggregates were not observed in SEC or any other detection methods. As SEC data could
not confirm complex formation, the SEC eluted fractions from rhodopsin—mini-G, samples were
analyzed using SDS-PAGE. The SDS-PAGE showed protein bands of both rhodopsin and mini-Go
in all the detergent conditions, suggesting the complex was formed regardless of the choice of
detergent (Figure 4B).

LC-MS spectrometry identified the N-glycosylation pattern in rhodopsin

Rhodopsin samples from both affinity purification and SEC showed two protein bands that
migrated with an apparent molecular weight of about 37 kDa on an SDS-PAGE gel, which could
not be separated by SEC when using a 24-mL column. Different patterns of N-glycosylation on
the heterologously-expressed rhodopsin from HEK 293 GnTI cells was the most likely explanation.
Therefore, two enzymes, PNGase F and Endo F1, were tested for their ability to deglycosylate
rhodopsin. From the SDS-PAGE data, Endo F1 reduced the molecular weight of both protein
bands into a single product, while PNGase F digestion still gave two populations (Figure 5A). The
undigested and Endo Fl-treated samples were analyzed using LC-MS spectrometry to identify
the masses of different species. The data showed that rhodopsin produced in HEK 293 GnTI" cells
contained either one or two N-glycans, with a difference in mass of 1014+1 Da. Endo F1-treated
rhodopsin did not contain any N-glycans and had a mass difference of 2027+1 Da compared to
rhodopsin containing two N-glycans. These results are consistent with the absence of the enzyme
N-acetylglucosaminyltransferase | in the cell line used to express rhodopsin, which results in all
N-glycans having the structure GIcNAc,Mans, (mass 1014 Da).

FIGURE AND TABLE LEGENDS:

Figure 1. Sample preparation and characterization for detergent screening experiment. (A)
Preparation of rhodopsin samples in different detergents during purification. (B) Methods used
in the protocol: UV-VIS spectroscopy, size-exclusion chromatography (SEC), SDS-PAGE and liquid
chromatography-mass spectrometry (LC-MS). (C) Experimental workflow for characterization of
rhodopsin, rhodopsin—mini-G,, and deglycosylation product of rhodopsin.

Figure 2. UV-VIS spectroscopy of rhodopsin. (A) UV-VIS spectra of rhodopsin. The spectra of the
dark-state, 9-cis retinal-bound rhodopsin are shown in blue curves. After illumination, 9-cis
retinal is deprotonated and isomerizes into all-trans retinal, and the spectra of illuminated
rhodopsin are shown as red curves. The chemical structure of each detergent is shown as an inset.
(B) The ratios of Azso/Aass (blue bar) and Azso/Asso (red bar) depict the stability of rhodopsin in
the dark state and light state, respectively.

Figure 3. Size-exclusion chromatography profiles of rhodopsin and rhodopsin—mini-G, complex
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purified in 10 different detergents. (A) The left panel shows the SEC profiles of samples purified
in the classical detergents. The right panel represents the SEC profiles of samples purified in the
NPG type detergents. The profile of the standard marker proteins is shown as overlay together
with the DDM sample. The interpretation of the peak profiles is shown for DMNG, with the ideal
scenario (no aggregates) seen for DDM, DM, Cymal-6, Cymal-5 and OGNG. (B) The magnified
profile of the OGNG sample in the retention volume of 12-14 mL. All samples were analyzed using
a Superdex200 Increase 10/300 GL column.

Figure 4. SDS-PAGE analysis of rhodopsin and rhodopsin/mini-Go complex. (A) Rhodopsin
samples purified in detergents. The smeared band above 50 kDa is attributed to the aggregated
rhodopsin oligomers induced by the SDS-PAGE sample buffer. (B) SEC-purified samples of
rhodopsin/mini-Go complex. Rhodopsin with 1 and 2 N-glycan and mini-G, are depicted.

Figure 5. Identification of glycosylation in rhodopsin. (A) SDS-PAGE analysis of deglycosylated
rhodopsin using PNGase F and Endo F1. (B) LC-MS spectra of rhodopsin without (upper panel)
and with deglycosylation by Endo F1 (lower panel). For preparing the rhodopsin—mini-G, complex
for crystallization, we chose Endo F1 over PNGase F because Endo F1 delivered one single
homogeneous species of rhodopsin.

Table 1. Buffer C detergent concentrations.
Table 2. Column elution parameters.

DISCUSSION:

The success in protein crystallization strongly relies on the protein sample, especially membrane
proteins and their complexes due to the complication caused by detergents. This report
demonstrates detergent screening and evaluation of sample quality for GPCR—mini-G protein
signaling complexes. A variety of methods have been widely used to study the biochemical
property of membrane proteins, for example, thermostability assay using fluorescent dyes'®?/,
binding assay to detect complex formation by measuring the change in tryptophan fluorescence
signal'® or the resonance energy transfer with biosensors'®. However, the chemical environments
used in those methods are quite different from those for preparing a crystallization sample,
either proteins are at a thousand-fold lower concentration for fluorescence-based measurement,
or proteins are embedded in lipid bilayers or in one fixed detergent condition. In this protocol,
the used methods are also standardized in large-scale sample preparation before crystallization.
Therefore, the optimized parameters can be easily transferred for crystallization-scale
preparation without further major screening and optimization.

The aim of this protocol is to optimize the preparation of a stable and homogeneous GPCR—mini-
G protein complex for vapor diffusion crystallization and structure determination by X-ray
crystallography. The protocol integrates a set of methods to qualitatively evaluate the impact of
detergent and deglycosylation during preparation of the rhodopsin—mini-G, complex. Rhodopsin
at inactive state and light-activated state bound with and without the transducin peptide has
been crystallized when purified in the detergents octyl glucoside (C8G)?%-22 and C9G%3?4. As the
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rhodopsin—mini-G, complex purified in C8G and C9G did not yield crystals (data not shown), we
then explored a wider range of other detergents using the strategy described (Figure 1). By taking
the advantage of the light sensitivity of rhodopsin, we could very well follow the reconstitution
of retinal at wavelengths other than 280 nm. In both UV-VIS spectroscopy and SEC, we detected
retinal at either 380 nm or 488 nm. However, most membrane proteins do not have such a
convenient chromophore to follow functionality during purification. Other options would be to
make a ligand detectable by adding a light-detectable chromophore or by using radioligand-
binding and thermal shift assays®°.

Rhodopsin has a molecular weight of 40 kDa. Due to the mass of detergent it binds, its apparent
molecular weight on SEC is about 120 kDa. It is thus no surprise that the binding of mini-G, (24
kDa) was not easily detected on SEC, as this would necessitate differentiation of proteins with
apparent masses of 120 kDa and 144 kDa. Analysis of SEC fractions by SDS-PAGE was therefore
used to confirm sample purity and complex formation. Even if SEC profiles show a clear shift upon
complex formation, it is still recommended to perform SDS-PAGE analysis to confirm the complex
formation with correct binding partners rather than other co-purified protein contaminants.

Both rhodopsin and mini-G, were purified in milligram quantities, which allowed the use of low
sensitivity detection of the complexes, such as UV-VIS absorption during SEC and Commassie Blue
staining of SDS-PAGE gels. Where samples are limited, more sensitive detection should be used,
such as an LC purifier equipped with a fluorescence detector to trace tryptophan signals from the
protein (280 nm excitation, 350 nm emission) and silver-staining for SDS-PAGE gels. Another
approach would be to fuse a fluorescent protein, such as green fluorescence protein (GFP) to the
protein of interest, which would also allow detection even during protein expression?® but it
should be removed before crystallization.

It is essential to ensure that the purified protein is also free of heterogeneity arising from variable
PTMs. In the case described here, the two populations of rhodopsin observed on SDS-PAGE gels
were characterized as having either one or two N-glycans. Variable modification of a protein
would potentially prevent the formation of well-diffracting crystals, so we therefore
deglycosylated rhodopsin. The endoglycosidase Endo F1 was the most effect endoglycosidase
tested and treatment led to a single species of unglycosylated receptor, while PNGase F only
partially removed the glycans on rhodopsin and resulted in a mixture of rhodopsin fully
unglycosylated or with one N-glycan remained. Rhodopsin without deglycosylase treatment has
been successfully crystallized3?”?8, and the N-glycan on rhodopsin Asn15 is important to form
crystal contact in those cases. In the case of rhodopsin—mini-G,, it is necessary to remove N-
glycans by Endo F1 to obtain crystals. There is no standardized rule to deglycosylate proteins of
interest before crystallization, but removal of heterogenous PTMs should be considered when
proteins fail to crystallize after extensive crystallization trials.

The data and methodology described here guided us to choose OGNG as the most preferred
detergent for crystallization of the rhodopsin—mini-G, complex due to its small micelle size and
its ability to stabilize the complex. We also used Endo F1 to ensure the purified rhodopsin was a
homogeneous species. Crystals were subsequently obtained and we determined the crystal
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structure to ~3.1 A% which was only the third crystal structure of a GPCR—G protein signaling
complex#2°,

For membrane proteins bound with and without a partner protein, they should be considered as
two different proteins. A protein at different functional states has different conformations and is
at different energy level. Therefore, it is recommended to optimize the preparation protocol for
each functional state as the parameter for the inactive-state may not be fully transferrable to the
activated state. Also, not to mention the change in the protein property complicated by binding
a partner protein. The protocol uses methods that are standardized for preparing a crystallization
sample to prepare inactive membrane protein in different detergents, followed by protein
activation and complex formation, and to characterize protein quality. Thus, this protocol can
easily be generalized to other membrane proteins and their complexes for structural studies with
minor modification.
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Table 1

Click here to access/download;Table;Table1.xlsx 2

Detergent | Working concentration (%) | Critical micelle concentration (%)
DDM 0.025 0.0087
DM 0.12 0.087
Cymal-6 0.05 0.028
Cymal-5 0.2 0.12
C9G 0.5 0.2
LMNG 0.01 0.001
DMNG 0.01 0.0034
Not available; should be lower than
Cymal-6NG 0.015 0.056
Cymal-5NG 0.02 0.0056
OGNG 0.15 0.058
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Table 2 Click here to access/download;Table;Table2.xlsx 2

Time (min) | Solvent A (%) | Solvent B (%) | Solvent C (%) | Flow rate (ml/min)
0 0 95 5 0.5
1 0 95 5 0.5
5 20 75 5 0.6
25 85 10 5 0.6
26 90 5 5 0.6
30 90 5 5 0.6
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Table of Materials

Name of Material/Equipment

1D4 peptide

9-cis retinal

Autosampler A-900

C9G

cOmplete, EDTA-free protease
inhibitor coctail

Cymal-5

Cymal-5NG

Cymal-6

Cymal-6NG

DDM

DM

DMNG

Econo column

Ettan LC

FRAC-950

HPLC Water 2795 Separation
Module

InstantBlue Protein Stain
LCT Premier mass spectrometer
(ESI-TOF)

LMNG

Monitor UV-900

Nanodrop 1000
NuPAGE 4-12% Bis-Tris gel 1.0
mm, 15 well

NuPAGE MES SDS buffer (20x)
OGNG
PAGEr Minigel Chamber

Company

Peptide2.0
Sigma-Aldrich
GE Healthcare
Anatrace

Roche
Anatrace
Anatrace
Anatrace
Anatrace
Anatrace
Anatrace
Anatrace
Bio-Rad

GE Healthcare
GE Healthcare

Waters AG
Expedeon

Waters AG
Anatrace

GE Healthcare
Witec
AG/ThermoFisher

ThermoFisher
ThermoFisher

Anatrace
Lonza

Catalog Number

Under request
R5754

N324

5056489001
C325
NG325
C326
NG326
D310

D322
NG322
7372512

720000358EN
ISB1L

NG310
18110835

NP0323BOX

NP0002
NG311
59905

Click here to access/download; Table of Materials;JoVE_Table_of Materials_v2.xlsx 2

Comments/Description
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Discontinued
Discontinued
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20. Nov, 2019
Paul Scherrer Institute, Villigen, Switzerland
Dear Editor,
Thank you for your input and comments. Please find the point-to-point response below.
Editorial comments:
The manuscript has been modified and the updated manuscript, 60747 R2.docx, is attached
and located in your Editorial Manager account. Please use the updated version to make

your revisions.

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues.

The manuscript is proofread carefully.
2. Please do not cite any references in Abstract.
References in the abstract are removed and moved to the main text.

3. Step 1.1, 1.2: Please do not highlight a step without highlighting any of the sub-steps for
filming.

Highlights in Step 1.1, 1.2, 1.3.1, and 2.1 note are removed.
4. Please do not use more than 1 note for each step.
This is now corrected for Step 1.5.

5. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from
one highlighted step to the next.

The highlighted steps are now optimized and can be presented in a logical flow for filming.

6. One of the authors is from UK. Please sign the attached UK version of author license
agreement, scan it and upload to your Editorial Manager account.

The UK version of author license agreement is signed and uploaded to the editorial portal.
7. In the Editorial Manager, Open access is selected for this manuscript. However, the
Standard Access box is checked in your Author License Agreement. Please confirm the
desired access type and check the access type box accordingly.

We decide to take the Open Access option for our work. This is confirmed in the Editorial

Manager in this revision.

Yours Sincerely,
Ching-Ju Tsai

*
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Title of Article:

Strategic Screening and Characterization of the Visual GPCR-mini-G Protein
Signaling Complex for Successful Crystallization

Author(s):

Filip Pamula, Jonas Muhle, Alain Blanc, Rony Nehmé, Patricia C. Edwards,
Christopher G. Tate, Ching-Ju Tsai

ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

D Standard Access

Item 2: Please select one of the following items:

E Open Access

EThe Author is NOT a United States government employee.

I___lThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: "Agreement" means this Article and
Video License Agreement; "Article" means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; "Author"
means the author who is a signatory to this Agreement;
"Collective Work" means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
"CRC License" means the Creative Commons Attribution 3.0
Agreement (also known as CC-BY), the terms and conditions
of which can be found at:
http://creativecommons.org/licenses/by/3.0/us/legalcode
; "CRC NonCommercial License" means the Creative
Commons Attribution-NonCommercial 3.0 Agreement (also
known as CC-BY-NC), the terms and conditions of which can
be found at: http://creativecommons.org/licenses/by-
nc/3.0/legalcode; "Derivative Work" means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; "Institution" means the
institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; "JOVE" means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; "Materials" means the Article
and / or the Video; "Parties" means the Author and JoVE;
"Video" means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JOVE or its

affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion
of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JOVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3: Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and (c) to license others to do
any or all of the above. The foregoing rights may be
exercised in all media and formats, whether now known or
hereafter devised, and include the right to make such
modifications as are technically necessary to exercise the
rights in other media and formats. If the "Open Access" box
has been checked in Item 1 above, JOVE and the Author
hereby grant to the public all such rights in the Article as
provided in, but subject to all limitations and requirements
set forth in, the CRC License. If the "Standard Access" box

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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has been checked in Item 1 above, JoVE and the Author
hereby grant to the public all such rights in the Article as
provided in, but subject to all limitations and requirements
set forth in, the CRC NonCommercial License.

4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JOVE in Section 3 above, the
Author shall, with respect to the Article, retain the
non-exclusive right to use all or part of the Article for the
non-commercial purpose of giving lectures, presentations
or teaching classes, and to post a copy of the Article on the
Institution's website or the Author's personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JOVE's copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5 Grant of Rights in Video - Standard Access. This
Section 5 applies if the "Standard Access" box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JOVE.

6. Grant of Rights in Video - Open Access. This
Section 6 applies only if the "Open Access" box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
T Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with

such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Protection of the work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video. %

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11 JoVE Discretion. If the Author requests the
assistance of JOVE in producing the Video in the Author's
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
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discretion andwithout giving any reason therefore, to
accept or decline any work submitted to JoVE. JOVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author's institution as necessary to make the Video,
whether actually published or not. JOVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney's
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney's fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author's or the Author's institution's
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JOVE, or publication in JOVE or
elsewhere by JOVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contaminationdue to
the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or

decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author's expense. All indemnifications provided herein
shall include JOVE's attorney's fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a USS$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:

Ching-Ju Tsai
Department:

Department of Biology and Chemistry

Instisurion; Paul Scherrer Institute

Title: Dr.

Signature:

— Date:

M M/?l)%/ i

29, Nov. 2917
/

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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