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Abstract

RhoPDE is a type I rhodopsin/phosphodiesterase gene fusion product from the choanoflagellate 

Salpingoeca rosetta. The gene was discovered around the time that a similar type I rhodopsin/

guanylyl cyclase fusion protein, RhoGC, was shown to control phototaxis of an aquatic fungus 

through a cGMP signaling pathway. RhoPDE has potential as an optogenetic tool catalyzing the 

hydrolysis of cyclic nucleotides. Here we provide an expression and purification system for 

RhoPDE, as well as a crystal structure of the C-terminal phosphodiesterase catalytic domain. We 

show that RhoPDE contains an even number of transmembrane segments, with N- and C-termini 

both located on the cytoplasmic surface of the cell membrane. The purified protein exhibits an 

absorption maximum at 490 nm in the dark state, which shifts to 380 nm upon exposure to light. 

The protein acts as a cGMP-selective phosphodiesterase. However, the activity does not appear to 

be modulated by light. The protein is also active with cAMP as a substrate, but with a roughly 5–

7-fold lower kcat. A truncation consisting solely of the phosphodiesterase domain is also active 

with a kcat for cGMP roughly 6–9-fold lower than that of the full-length protein. The isolated PDE 

domain was crystallized, and the X-ray structure showed the protein to be a dimer similar to 

human PDE9. We anticipate that the purification system introduced here will enable further 

structural and biochemical experiments to improve our understanding of the function and 

mechanism of this unique fusion protein.
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Retinylidene proteins make up a family of light-sensitive integral membrane proteins 

consisting of an opsin domain, characterized by a seven-transmembrane α-helical fold, and a 

retinal chromophore covalently bound to a conserved lysine residue in the seventh helix.1,2 

The family is divided into two groups based on amino acid sequence similarity: type I 

rhodopsins are microbial in origin and usually function as light-activated ion pumps or 

channels, while type II rhodopsins are G protein-coupled receptors (GPCRs) that function as 

photoreceptors in metazoan visual systems.1,2

Rhodopsin, the photoreceptor protein in vertebrate rod cells, is the prototypical member of 

the type II group.1,2 Photoexcitation of the 11-cis-retinal chromophore causes isomerization 

to the all-trans-form to generate the active form of rhodopsin, metarhodospin II.3 

Metarhodopsin II activates the G protein transducin, which activates a cGMP 

phosphodiesterase. Following a drop in cellular cGMP concentration, cyclic nucleotide-

gated (CNG) cation channels close and cause hyperpolarization of the rod cell.4 Rhodopsin 

then releases the all-trans-retinal (ATR) and must bind a new molecule of 11-cis-retinal to 

begin the cycle again.

In contrast to the multicomponent GPCR signaling cascade, type I rhodopsins, such as 

bacteriorhodopsin, function as single-component proteins that move ions (protons, in the 

case of bacteriorhodopsin) directly across the membrane upon light activation.1,2 

Bacteriorhodopsin binds ATR in the dark state, which isomerizes to 13-cis-retinal after 

exposure to light. Unlike rhodopsin, bacteriorhodopsin can thermally convert 13-cis-retinal 

back into the all-trans form to regenerate the dark state.

A new type I rhodopsin was recently discovered in the aquatic fungus Blastocladiella 
emersonii. This newly discovered protein is an unusual fusion between a type I rhodopsin 

domain and a guanylyl cyclase catalytic domain that is homologous to the guanylyl cyclase 

RetGC found associated with type II rhodopsins of photoreceptor cell outer segments.5 This 

single-component, light-activated enzyme, RhoGC, controls a cGMP signaling system 

responsible for phototaxis in zoospores of the fungus5 and has been shown to be an 

optogenetic tool for the control of cyclic nucleotide signaling systems.6,7 A gene for a 

similar protein (RhoPDE) was recently identified in the genome of the choanoflagellate 

Salpingoeca rosetta where a type I rhodopsin domain was found to be fused to a 

phosphodiesterase catalytic domain (NCBI Gene ID 16078606).
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In this paper, we present an expression and purification system for full-length RhoPDE in a 

detergent solution. The procedure makes use of two epitope tags, one at the N-terminus and 

the other at the C-terminus of the protein (Figure 1), that we exploit with an immunoaffinity 

purification procedure. We use the two epitopes to show that RhoPDE contains an even 

number of transmembrane segments, with N- and C-termini both located on the cytoplasmic 

surface of the cell membrane. The protein forms a pigment with ATR characterized by an 

absorbance maximum at 490 nm and a prominent shoulder at 460 nm. Exposure to light 

shifts the maximum to 380 nm, consistent with deprotonation of the Schiff base. The protein 

displays robust cGMP-specific phosphodiesterase activity that is, surprisingly, independent 

of light; the enzyme is active in the dark with no detectable change in activity after exposure 

to light. We also express, purify, and present the X-ray crystal structure of the isolated PDE 

domain of the protein and show that it is constitutively active, with a kcat roughly 6–9-fold 

lower than that of the full-length protein.

EXPERIMENTAL PROCEDURES

Materials

All-trans-retinal (ATR), cGMP, and cAMP were purchased from Sigma-Aldrich. n-Decyl β-

D-maltopyranoside (DM) was from Anatrace. Bovine growth serum and Dulbecco’s 

phosphate-buffered saline (PBS) were purchased from HyClone Laboratories. Lipofectamine 

was from Invitrogen. Oligonucleotides were purchased from Integrated DNA Technologies. 

The C8 and 1D4 peptides were purchased from GenScript. The C89 and 1D410,11 antibodies 

were from the National Cell Culture Center, and the C8- and 1D4-Sepharose 4B 

immunoaffinity supports used for purification of RhoPDE were prepared as previously 

described.12,13

Expression and Purification of Full-Length RhoPDE

The gene sequence for RhoPDE was taken from S. rosetta (NCBI Gene ID 16078606) and 

codon optimized for expression in Escherichia coli (Genewiz Inc., South Plainfield, NJ). The 

gene was cloned into mammalian expression vector pMT314 between restriction sites EcoRI 

and NotI. An N-terminal C8 epitope tag was added between the first two amino acids of the 

protein sequence, and a C-terminal E8′A mutant of the 1D4 epitope tag, following a GSGS 

linker, was added after the last amino acid of the protein sequence.

HEK293-GnT1− cells were transfected using the calcium phosphate precipitation method for 

transient expression of RhoPDE and harvested 72 h after transfection, as previously 

described.14,15 The protein was reconstituted with the retinal chromophore by incubating the 

cell suspension with 10 μM ATR for 30 min in the dark at 4 °C. All procedures following the 

addition of retinal were performed in the dark under dim red lights. Cells were solubilized in 

1% (w/v) DM in PBS for 1 h at 4 °C. The cell lysate was centrifuged at 3500 rpm and 4 °C 

for 10 min, and the postnuclear supernatant fraction was applied to a C8 or 1D4 

immunoaffinity matrix. Batch binding of the protein to the matrix took place for 2 h at 4 °C 

before the resin was poured into a spin column for removal of the unbound fraction. The 

column was washed at 4 °C with 1% (w/v) DM in PBS. Protein was eluted at room 

temperature with 80 μM corresponding C8 or 1D4 peptide.
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Immunofluorescence Microscopy

Immunofluorescence microscopy was performed as previously described.16 COS-7 cells (5 

× 104 cells/cm2) were plated on 15 mm glass coverslips (Deckgläser) coated with 0.01% 

poly-L-lysine (Sigma) and grown in 1 mL of fortified DMEM in a 12-well polystyrene plate 

for 24 h at 37 °C. After cells had grown for 24 h, the DMEM was aspirated and replaced 

with 1 mL of Opti-MEM for transfection. RhoPDE with an N-terminal C8 epitope and C-

terminal 1D4 epitope was used for transfections with Lipofectamine 2000. After 5 h at 

37 °C, the Opti-MEM was aspirated and replaced with 1 mL of fortified DMEM for 

overnight expression at 37 °C. To fix the cells to the coverslips, the cells were washed three 

times with cold PBS and treated with 3% paraformaldehyde (EMS) for 15 min at room 

temperature. After being washed with PBS, two cell samples were left intact, and two 

samples were permeabilized with 0.25% Triton X-100 (Sigma) for 10 min at room 

temperature and washed again with cold PBS. All samples were treated with blocking buffer 

consisting of 10% BSA for 30 min at room temperature. One sample each of intact and 

permeabilized cells was incubated with 2 μg/mL 1D4 primary antibody, and the other pair 

with C8 antibody, for 1 h at room temperature. After being washed with cold PBS, each 

sample was incubated with 2 μg/mL fluorescent secondary antibody, Alexa-fluor 488 goat 

anti-mouse IgG (Life Technologies), for 1 h at room temperature in the dark. After a final 

wash with cold PBS, the coverslips were mounted on 3 in. × 1 in. × 1 mm glass slides 

(Fisher) with ProLong Diamond Antifade mountant (Life Technologies).

The cells were imaged using an automated Olympus IX81 epi-fluorescence microscope 

(Olympus, Waltham, MA). Alexa-fluor 488 was excited using a mercury vapor short-arc 

lamp (Excelitas Tech) via a 473/31 nm bandpass filter (Semrock, Rochester, NY) and the 

emission collected through a 520/25 nm bandpass filter (Semrock). Images were captured 

using an EM-CCD camera (Hamamatsu) controlled by Metamorph (Molecular Devices, 

Sunnyvale, CA) and analyzed with ImageJ software (National Institutes of Health, Bethesda, 

MD).

Absorption Spectroscopy

Ultraviolet–visible (UV–vis) absorption spectra were recorded with a Cary 50 UV–vis 

spectrometer at room temperature with a path length of 1.0 cm. The molar extinction 

coefficient for RhoPDE (ε490 = 45500 M−1 cm−1) was determined by acid denaturation of 

the pigment in the dark with concentrated HCl (ε440 = 31000 M−1 cm−1), as described 

previously.17

Preparation of HEK293 Cell Membranes

HEK293-GnT1− cell membranes containing RhoPDE were isolated by sucrose flotation.18 

Cells expressing RhoPDE were harvested 72 h after transfection, lysed in a hypotonic 

solution of 10 mM Tris buffer (pH 7.4) and 0.1 mg/mL phenylmethanesulfonyl fluoride 

(PMSF), and extruded four times through a 25 gauge needle. The homogenate was layered 

onto a 37% (w/v) sucrose solution in a buffer containing 10 mM Tris (pH 7.4), 150 mM 

NaCl, 1 mM MgCl2, 1 mM CaCl2, and 0.1 mM EDTA and centrifuged at 15000 rpm for 20 

min in a Beckman SW 28.1 rotor. Membranes were extracted from the resulting interface, 

diluted 10-fold in 10 mM Tris (pH 7.4), and pelleted by centrifugation at 33000 rpm for 45 
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min in a Beckman 50.2 Ti rotor. The membranes were resuspended in 1 mL of 10 mM Tris 

(pH 7.4), 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, and 0.1 mM EDTA and aliquoted (25 

μL) before being frozen on dry ice and stored at −80 °C. The concentration of RhoPDE was 

estimated from the yield of the protein purified from equivalent numbers of transfected 

HEK293 cells, corrected for losses during the purification.

In one case (Figure 6), membranes were prepared from transfected HEK293-GnT1− cells 

grown in the presence of ATR. The cells were kept in the dark and supplemented with fresh 

DMEM containing 10 μM ATR every 24 h after transfection. A small aliquot of membranes 

was used for activity assays, with the remainder used for purification of RhoPDE. Control 

membranes from cells grown in the absence of ATR were prepared alongside and treated 

with ATR before use.

Preparation of Reconstituted Liposomes

Liposomes containing RhoPDE were prepared as follows. Detergent-solubilized postnuclear 

extracts of transfected HEK293 cells were applied to a 1D4 matrix. The resin was washed 

eight times with 1% DM and twice with a solution of 10 mg/mL soybean asolectin (Sigma) 

in 16 mM CHAPS. RhoPDE was eluted at room temperature with 80 μM 1D4 peptide in the 

CHAPS/asolectin buffer. The eluate was applied to a Sephadex G-50 gel filtration resin 

(Sigma) to remove detergent and form liposomes. RhoPDE-containing liposomes were 

monitored by absorbance at 490 nm and sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS–PAGE).

Expression and Purification of the Isolated Phospho-diesterase Domain

The portion of the RhoPDE gene corresponding to the phosphodiesterase domain alone 

(amino acids 386–702), with an added C-terminal six-His tag, was amplified from the 

original vector using flanking BamHI and NcoI restriction sites and cloned into a pET15b 

vector for bacterial expression. The plasmid was transformed into T7 Express Competent 

cells (New England BioLabs). Cells with ampicillin resistance were selected for and grown 

in 1 L cultures at 37 °C with orbital shaking until an OD of 0.6–0.8 was reached, at which 

point expression was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside. After 

being expressed for 3 h at 37 °C, cells were pelleted by centrifugation and resuspended in 50 

mL of lysis buffer [50 mM Tris (pH 7.5), 100 mM NaCl, and 20 mM imidazole] containing 

15 mg of PMSF and 0.5 μL of DNaseI (250 units/μL; Pierce Universal Nuclease). The cells 

were lysed by sonication on ice using a protocol with 20 s on and 20 s off for a total of 4 min 

with a Misonix Sonicator 3000 instrument at a power setting of 7, and the soluble fraction 

was isolated by centrifugation and filtered through a 0.22 μm syringe filter before being 

loaded onto a prepacked 5 mL HiTrapFF Ni-Sepharose column for purification. Protein was 

monitored by absorbance at 280 nm, and purity was assessed by SDS–PAGE. The protein 

was concentrated on a 10 kDa Amicon centrifugal filter and further purified for 

crystallography by size exclusion chromatography using an AKTA FPLC system equipped 

with a Superdex-200 10/300 GL column.
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Phosphodiesterase Activity Assay: Nucleotide Detection by High-Performance Liquid 
Chromatography (HPLC)

A discontinuous HPLC-based assay was used to measure the enzymatic activity of HEK293 

cell membranes and liposomes containing RhoPDE as well as the soluble PDE domain 

purified from E. coli. Membranes were incubated with 10 μM ATR on ice for 30 min in the 

dark before being diluted to a final concentration of 50 nM in assay buffer [50 mM Tris (pH 

7.5), 50 mM NaCl, 10 mM MgCl2, and 0.5 mM EDTA]. The reactions took place at room 

temperature, and were initiated in the dark with the addition of 5 mM cGMP or cAMP. 

Aliquots (20 μL) were withdrawn at the indicated time points and reactions quenched with 

20 μL of 1 N HCl. The remaining reaction mixture was then exposed to light from a 300 W 

tungsten bulb with a 435 nm cut-on filter [475 nm cut-on filter in the case of liposomes 

(Figure 5D,E)], and 20 μL aliquots were again withdrawn and reactions quenched with 20 

μL of 1 N HCl. In some cases, the mixture was returned to the dark, and additional time 

points were taken for analysis. Precipitated protein was removed from the samples by 

filtration through 0.22 μm Corning Costar Spin-X centrifugal filters (Fisher Scientific), and 

the remaining mixture was neutralized with 20 μL of 1 M potassium phosphate buffer (pH 

8.0). Separation and detection of nucleotides were performed on an Agilent 1260 Infinity 

HPLC system. Samples (5 μL each) were injected onto a 250 mm × 2.1 mm ACE 5 C18-AR 

reverse-phase column and separated using a 100 mM potassium phosphate (pH 6.2) mobile 

phase at a flow rate of 0.4 mL/min. Nucleotides were detected by absorbance at 254 nm and 

quantified by peak integration using OpenLab CDS Chem-Station software. The activity 

assays depicted in Figure 5 were performed with RhoPDE containing only the C-terminal 

1D4 tag (i.e., no C8 tag). The membrane assay in Figure 6B was performed with the C8/1D4 

doubly tagged protein from cells grown in the presence of ATR and did not require 

additional ATR. The soluble PDE domain was assayed in the same manner but also without 

the need for addition of a chromophore or time points taken in the dark.

Crystallization of the Phosphodiesterase Domain

Protein in elution buffer [50 mM Tris (pH 7.5), 100 mM NaCl, and 2 mM sodium azide] was 

concentrated to 10 mg/mL and mixed with Hampton sparse matrix screens (Hampton 

Research) in a 1:1 ratio. Crystallization trials were performed with a Phenix robot (Art 

Robbins Instruments) using the sitting drop vapor diffusion method in a 96-well INTELLI-

PLATE. After two months, a needle-shaped crystal appeared under 100 mM succinic acid 

and 15% (w/v) polyethylene glycol 3350 at 4 °C and grew to maximum dimensions of 0.315 

mm × 0.105 mm × 0.075 mm.

Data Collection, Processing, and Refinement

The crystal was transferred briefly to fresh crystallization solution containing 15% glycerol 

before being frozen under liquid nitrogen. Data were collected at beamline 8.2.1 at the 

Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA) using 

ADSC Q315R CCD detectors (Area Detector Systems Corp.) at 100 K. The crystal 

diffracted to 2.3 Å resolution. The data were integrated using iMosflm version 7.219 and 

scaled using SCALA version 3.320 from the CCP4 software suite version 7.0.21,22 The 

crystal diffraction data were processed in the P212121 space group with the following unit 

Lamarche et al. Page 6

Biochemistry. Author manuscript; available in PMC 2017 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell dimensions: a = 74.7 Å, b = 96.4 Å, c = 108.6 Å, and α = β = γ = 90°. Complete data 

collection statistics are listed in Table 1.

The structure of the PDE domain was determined by molecular replacement using 

BALBES23 from the CCP4 software suite version 7.0.21,22 The best solution was based on 

PDE 1B from Homo sapiens [Protein Data Bank (PDB) entry 1TAZ] and the PDE amino 

acid sequence (NCBI Gene ID 16078606). The molecular replacement solution found two 

protein monomers in the asymmetric unit. The structure was initially refined to starting R 
and Rfree values of 0.311 and 0.362, respectively. Refinements were performed using the 

function phenix.refine24 in the PHENIX software suite version 1.1125 with the initial two 

positional refinements preceded by rigid body refinement. Simulated annealing was also 

included in earlier refinements to minimize the initial model bias. All model rebuilding was 

performed using COOT version 0.8.26 Spherical solvent peaks greater than 3σ Fo − Fc and 

1σ 2Fo − Fc were identified, and water molecules were modeled and included in the final 

rounds of refinement. The final structure was refined to R and Rfree values of 0.216 and 

0.246, respectively. The refinement statistics are listed in Table 1. Coordinates and structure 

factors have been deposited as PDB entry 5VYD. All crystal structure figures were prepared 

using PyMol version 1.8 (Schrödinger LLC, Portland, OR).

RESULTS

Expression and Purification of RhoPDE

RhoPDE was expressed in transiently transfected HEK293 GnT1−1 cells and purified from 

detergent-solubilized cell extracts by immunoaffinity chromatography. The RhoPDE gene 

construct employed two epitope tags, an N-terminal C8 tag (PRGPDRPEGIEE)9 and a 

mutant C-terminal 1D4 tag (TATSQVAPA),10,11 which could be exploited for purification 

using immunoaffinity chromatography with either antibody alone or in tandem to isolate the 

full-length protein free of proteolysis products. Purification of the protein was followed by 

SDS–PAGE and Western blot analysis using the C8 antibody (Figure 2).

The purified RhoPDE protein contains a major component that migrates on gels with an 

electrophoretic mobility corresponding to a molecular mass of ~75 kDa, consistent with that 

expected for the FL protein (Figure 2A, lanes E1 and E2). This band also reacts with the C8 

antibody on Western blots (Figure 2B, lanes E1 and E2), confirming that it is RhoPDE. The 

C8-purified protein contains small amounts of a contaminant with an apparent molecular 

weight of 35–40 kDa observed in C8 Western blots (Figure 2B, lanes E1 and E2) that is 

likely a proteolytic fragment corresponding to the rhodopsin domain truncated along its C-

terminus such that it is missing the PDE domain.

While the truncated rhodopsin domain is a minor impurity (it is not observed in the 

Coomassie-stained gel of Figure 2A, lanes E1 and E2), we can remove it and ensure 

purification of the full-length RhoPDE by running sequentially the two immunoaffinity 

columns (Figure 2C). When purification on the C8 column is followed by purification on the 

1D4 column, the sequential protocol results in highly purified full-length protein (Figure 2C, 

1D4 lanes E1 and E2). The fact that the purified protein reacts with both the C8 and 1D4 

antibodies ensures that the purified product is full-length RhoPDE.
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In a typical protein preparation, we begin with ten 15 cm plates of transfected HEK293 cells 

containing an estimated 40 μg of RhoPDE per plate (this is roughly the same molar 

expression level that we see for bovine rhodopsin14 and half the level we observe for 

RhoGC15) for a total of 0.4 mg of RhoPDE in the postnuclear supernatant fraction from the 

detergent-solubilized cells. The yield of protein from the first C8 column is ~200 μg of 

RhoPDE (based upon absorbance at 490 nm). This is fairly typical in that the yield from 

either the 1D4 or C8 column for either RhoGC or RhoPDE is generally ~50%, with most of 

the lost material remaining bound to the column in a state recalcitrant to elution with the 

synthetic peptides.15 Application of the C8-purified sample to a 1D4 column provides 

roughly 100 μg of RhoPDE, again with a yield from the antibody column of ~50% of the 

material applied.

Absorption Spectroscopy

The UV–vis absorption spectrum of purified RhoPDE reconstituted with ATR exhibits a 

visible absorption maximum at 490 nm (extinction coefficient of 45500 M−1 cm−1) with 

shoulder at 460 nm (Figure 3A–D). The ratio of absorbance at 280 nm to that at 490 nm is 4. 

After the sample had been exposed to room lights for 30 s, the intensity of the peak at 490 

nm decreases and a new peak appears at 380 nm (Figure 3E), consistent with deprotonation 

of the Schiff base. When the protein is denatured with concentrated HCl, both peaks shift to 

440 nm, characteristic of a protonated Schiff base, indicating that each peak represents a 

form of RhoPDE with a covalently bound chromophore.17

Membrane Orientation of RhoPDE

Though opsins typically have seven transmembrane α-helices,1,2 with the N-terminal 

domain on the extracellular face, hydropathy analysis of RhoPDE predicted an eighth helix 

with both N- and C-termini being intracellular (Figure 1). To differentiate between these two 

topologies, we expressed the C8- and 1D4-tagged RhoPDE construct in COS-7 cells 

immobilized on glass slides for immunofluorescence microscopy experiments. As shown in 

Figure 4, probing intact cells with the C8 or 1D4 primary antibody and a fluorescent 

secondary antibody gives no signal, indicating that neither epitope is accessible. Conversely, 

when the cells were first permeabilized with Triton X-100 and treated with the same 

antibodies, strong fluorescence is observed in the cell membranes. This result is consistent 

with an even number of transmembrane segments with N- and C-termini of the protein both 

located on the cytoplasmic surface of the plasma membrane.

Phosphodiesterase Activity of RhoPDE in Membranes

Membrane extracts of HEK293 cells expressing RhoPDE were assayed for cGMP 

phosphodiesterase activity. As shown in panels A and B of Figure 5, the enzyme is active in 

the dark, and no change in rate was observed after exposure to light. The fact that the 

enzyme displays robust constitutive phosphodiesterase activity independent of light is 

reinforced by the results depicted in Figure 5C, where the same membranes are assayed for 

cGMP phosphodiesterase activity but in the absence of added ATR. The membranes display 

activity similar to the activity of those in the presence of ATR, indicating clearly that the 

retinal chromophore in the type I rhodopsin domain is not regulating the activity of the 

phosphodiesterase domain. Similar results were obtained with liposomes reconstituted with 
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purified RhoPDE and assayed for both cGMP (Figure 5D) and cAMP (Figure 5E) 

phosphodiesterase activity. RhoPDE is roughly 5–7 times less active with cAMP as a 

substrate than with cGMP.

Membranes from Cells Grown in the Presence of ATR

Membranes were also isolated from cells grown in the presence of ATR and compared to 

those grown in the absence of the chromophore. As shown in Figure 6A, the yield of 

RhoPDE purified from the two sets of membranes was the same, indicating that there is no 

need to express the protein in the presence of ATR. In addition, the cGMP 

phosphodiesterase with membranes from cells grown in the presence of ATR displayed the 

same robust constitutive activity with no change upon exposure to light (Figure 6B) as 

observed for membranes from cells grown in the absence of ATR (Figure 5).

Purification and Activity of the Isolated Phosphodiesterase Domain

Initial efforts to understand the interaction of domains within RhoPDE focused on 

expression and purification of the isolated PDE domain of the protein. The PDE domain was 

strongly overexpressed in E. coli and purified by Ni column affinity chromatography. As 

shown in the Coomassie-stained SDS–PAGE gel of Figure 7A, the protein was purified to 

near homogeneity in high yield, migrating as a protein slightly larger than 35 kDa, 

consistent with the expected molecular mass of 37808 Da. The protein in solution is a dimer, 

as shown in the FPLC profile of Figure 7B, as is typical of cyclic nucleotide 

phosphodiesterases.27 In a representative purification, 15 mg of the purified PDE domain is 

obtained from 1 L of cell culture. The isolated domain was then assayed for constitutive 

cGMP phosphodiesterase activity using the HPLC protocol described above for HEK293 

cell membrane preparations (Figure 7C). While the isolated domain displayed significant 

activity, the kcat calculated from this experiment (3.13 ± 0.12 s−1) is roughly 6–9-fold lower 

than that recorded for full-length RhoPDE (Figure 5).

Crystal Structure of the Phosphodiesterase Domain Dimer

The isolated PDE domain was crystallized in space group P212121 from a PEG 3350 

solution. The structure of the enzyme was determined to 2.3 Å resolution by molecular 

replacement using PDE 1B (PDB entry 1TAZ) as a search model. Two molecules were 

found in the asymmetric unit (Figure 8), with clear electron density observed for 314 

residues (L22–H335) in monomer A and 317 residues (D18–M334) in monomer B. Both 

monomers are composed of 16 α-helices with highly similar overall structure [root-mean-

square deviation (rmsd) of Cα atoms of 0.2 Å].

Although no metal ion was included in any of the purification buffers, two difference Fourier 

peaks (18σ and 8σ in the Fo − Fc map) were observed in the active site of each monomer 

after the initial refinement. The highest peak was modeled as a zinc ion, while the second 

peak was modeled as a magnesium ion (Figure 9). The B factors of the metal ions were 

comparable to those of the coordinating ligands in the active site. Water molecules 

coordinating with metal ions were modeled before the final refinement. Both Zn2+ and Mg2+ 

ions display octahedral coordination geometry, similar to other previously reported PDE 

structures.28–30
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Comparison with the Human PDE9 Structure

The sequence and overall structure of the isolated PDE domain closely resemble those of 

human cGMP-specific PDE9 (PDB entry 2HD1) in complex with the nonselective inhibitor 

3-isobutyl-1-methylxanthine (IBMX).29 While superposition of the two structures (Figure 

10) reveals that the rmsd of Cα atoms between respective monomers is 0.9 Å, a few 

differences are observed; in particular, helices H5, H7, and H12–H14 are tilted outward 

slightly in the isolated PDE domain, compared to PDE9, as they extend from the active site 

to the outermost surface of the protein.

Dimer Interface

Residues of the dimer interface are highly conserved between PDE and PDE9. The isolated 

PDE domain forms a homodimer with a total contact area of 4018 Å2 for monomer A and 

4109 Å2 for monomer B. PDE9 forms a similar interface with a total contact area of 4397 

Å2 for monomer A and 4410 Å2 for monomer B. Superimposition of the two monomers 

reveals a 15.5° rotation and a 6.2 Å displacement of monomer B of PDE with respect to 

PDE9, causing slight differences in interfacial interactions between the two subunits in the 

dimer interface. The isolated PDE domain dimer interface has many of the same interactions 

that are found in PDE9 but has six additional hydrogen bonds (Table S1) and six additional 

van der Waals interactions. At this point, we do not know if the rotation of subunits seen in a 

comparison of the dimer interface between the two proteins is a result of inherent differences 

in the two proteins, a result of differences in crystal packing, or a result of binding of IBMX 

to PDE9.

DISCUSSION

We have developed an expression and purification system for RhoPDE to facilitate further 

structural and biochemical studies of this unique fusion protein in the hope that such studies 

will help realize the full potential of RhoPDE as an optogenetic tool for the control of cyclic 

nucleotide levels in cell signaling systems. RhoPDE was expressed in HEK293-GnT1− cells 

and purified in a detergent solution using two different epitope tags: an N-terminal C8 tag 

and a C-terminal 1D4 tag. The protein was purified in high yield from the C8 tag alone with 

trace amounts of proteolytic contaminants. These were then removed with subsequent 

purification on a 1D4 column. The yield of protein from the 1D4 column was increased 

significantly by utilizing a E8′A mutant 1D4 epitope tag, which lowers the protein’s affinity 

for the antibody enough that it can be eluted efficiently from the resin with the wild-type 

peptide. Tandem purification with both antibodies, which we have used previously15 to 

purify a rhodopsin/guanylyl cyclase fusion protein (RhoGC) found in the aquatic fungus B. 
emersonii, ensures that the full-length protein is purified.

The doubly tagged construct was also used to determine the transmembrane topology of 

RhoPDE expressed in COS-7 cells. While most type I and type II rhodopsins are composed 

of seven transmembrane α-helical segments, hydropathy analysis in Protter8 suggested that 

RhoPDE has eight transmembrane helices, with N- and C-termini both on the cytoplasmic 

side of the membrane (Figure 1). Immunofluorescence staining of the COS-7 cells provided 

strong evidence in support of this model. No immunofluorescence was detected with either 
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the 1D4 or C8 antibodies until cells expressing RhoPDE were first permeabilized with 

Triton X-100. The antibodies then reacted with the protein, displaying a pattern typical of 

cell surface expression in the plasma membrane. These data are similar to those obtained for 

the related fusion protein RhoGC from B. emersonii, which is also predicted to have eight 

transmembrane helices by hydropahy analysis and has been shown experimentally to have 

an even number of transmembrane segments with N- and C-termini on the cytoplasmic 

surface of the plasma membrane.6,15 Thus, both fusion proteins share this structural feature.

The purified protein reconstituted with ATR has a light orange color with a dark state 

absorption maximum at 490 nm and a shoulder at 460 nm. The absorption spectrum is 

reminiscent of those for channelrhodopsin31 and sensory rhodopsin II32,33 and interestingly 

is highly similar to the spectrum of the RhoGC E254D spectral tuning mutant.15 Upon being 

exposed to light, RhoPDE forms a species with a maximum at 380 nm, but it is unclear at 

this point how exactly this species relates to the activity of the protein (vide infra).

While the spectrum of RhoPDE undergoes a shift with light, surprisingly the 

phosphodiesterase activity of the protein appears not to be modulated by illumination. The 

protein displays robust cGMP phosphodiesterase activity in the light, in the dark, and in fact 

even without addition of the retinal chromophore. The isolated PDE domain also displays 

constitutive cGMP phosphodiesterase activity, although in this case the activity is roughly 6–

9-fold lower than that observed with the full-length protein. The lack of dependence on light 

is certainly unexpected for this unusual fusion protein and raises a number of questions 

about what the underlying explanation could be. It seems unlikely that nature would produce 

a rhodopsin/phosphodiesterase fusion protein in which the phosphodiesterase domain was 

not in some way modulated by light. Two possible explanations immediately suggest 

themselves. (1) The enzyme lacks a post-translational modification that functionally couples 

the rhodopsin and phosphodiesterase domains. (2) The heterologously expressed and 

purified RhoPDE is missing an interaction partner from S. rosetta that confers light 

dependence on the PDE domain. Future efforts will be directed at resolving this issue and 

developing RhoPDE to its full potential as an optogenetic tool.

Very recently, Yoshida et al.34 published a study of this same protein from S. rosetta, the 

only other paper published on this protein. There are several similarities between their study 

and ours. Yoshida et al.34 report heterologous expression of the protein in HEK293 cells and 

purification by immunoaffinity chromatography using an epitope tag and the 1D4 antibody; 

the absorption spectrum after addition of ATR, with a maximum at 490 nm and a shoulder at 

460 nm; the phosphodiesterase activity that is selective for cGMP over cAMP; and, finally, 

the phosphodiesterase activity, for both cGMP and cAMP, that is constitutive and present 

without exposure to light. These results are also reported here. Yoshida et al.34 also report a 

small amount of light-dependent phosphodiesterase activity under in vitro conditions with 

membranes isolated from transfected HEK293 cells. While we were unable to detect light 

dependence, even under conditions identical to those of Yoshida et al. (Figure 6), we do not 

view this as a significant difference between the two studies. We emphasize that their 

reported amount of light activation is very small (1.4-fold), and the dominant phenotype in 

both studies is of a protein that displays high constitutive cGMP phosphodiesterase activity.
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In addition, we show that the protein is composed of an even number (likely eight) of 

transmembrane segments resulting in the N- and C-termini both being located on the 

cytoplasmic surface of the plasma membrane, and we determined the X-ray crystal structure 

of the isolated PDE domain, opening an avenue for a structure–function exploration of the 

mechanism for regulation of phosphodiesterase activity in this domain of the protein.

In conclusion, we successfully expressed and purified a type I rhodopsin/cGMP-selective 

phosphodiesterase fusion protein, RhoPDE, described originally in the choanoflagellate S. 
rosetta. We show that the protein has an even number of transmembrane segments, placing 

the N- and C-termini on the cytoplasmic surface of the plasma membrane. When 

reconstituted with ATR, the protein displays a visible spectrum with a maximum at 490 nm 

and a shoulder at 460 nm. The protein is constitutively active, showing robust 

phosphodiesterase activity with undetectable regulation by light under the in vitro conditions 

of our experiments. Interestingly, the isolated PDE domain was also active, albeit 

significantly less so than the full-length protein. The X-ray crystal structure of the isolated 

PDE domain is a dimer that is significantly similar to that of the human phosphodiesterase 

PDE9. The two monomers of the isolated PDE domain are rotated slightly at the dimer 

interface in comparison to the PDE9 structure, but it is not known at this time if that is an 

inherent difference in the two proteins or whether it reflects a conformational change 

induced by the IBMX ligand in the PDE9 structure. Future studies will focus on regulation 

of the activity of the PDE domain, expanding to include domain constructs containing the 

linker region connecting the PDE and rhodopsin domains. We anticipate that additional work 

will help realize the full optogenetic potential of this unique and interesting enzyme.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

RhoPDE rhodopsin/phosphodiesterase fusion protein

PDE phosphodiesterase domain

ATR all-trans-retinal
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DM n-decyl β-D-maltopyranoside

PBS phosphate-buffered saline (pH 7.0)

cGMP 3′,5′-cyclic guanosine monophosphate
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Figure 1. 
Predicted domain structure and transmembrane topology for RhoPDE. Domain 

nomenclature: N-term, N-terminal domain; Rho, microbial type I rhodopsin domain; linker, 

sequence connecting the Rho and PDE domains; PDE, phosphodiesterase domain; and C-

term, short C-terminal domain. Transmembrane helices were predicted and drawn with 

Protter (wlab.ethz.ch/protter/start).8 Amino acids are colored: green, Lys296 (numbering of 

the native protein), the presumed covalent attachment site for the retinal chromophore; blue, 

the C8 epitope tag; and orange, the 1D4 epitope tag.
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Figure 2. 
SDS–PAGE and Western blot analysis of fractions from immunoaffinity purification of 

RhoPDE from HEK293 cells. (A) Coomassie-stained gel and (B) C8-probed Western blot of 

C8-purified RhoPDE: lane M, molecular mass markers in kilodaltons; lane L, load, 

postnuclear supernatant fraction; lane FT, flow-through, not bound to the C8 column; lane 

W, final wash before the first elution with the C8 peptide; lane E1, first elution with the C8 

peptide; lane E2, second elution with the C8 peptide. (C) C8-probed Western blot of tandem 

C8- and 1D4-purified RhoPDE. Lanes from left to right: lane M, molecular mass markers; 

lane L, load, postnuclear supernatant fraction; lane FT, flow-through, not bound to the C8 

column; lane W, final wash before the first elution with the C8 peptide; lane E1, first elution 

with the C8 peptide; lane E2, second elution with the C8 peptide; lane E3, third elution with 

the C8 peptide; lane FT, flow-through, nonbound fraction from E1–E3 from the C8 column 

applied to the 1D4 column; lane W, final wash before the first elution with the 1D4 peptide; 

lane E1, first elution with the 1D4 peptide; lane E2, second elution with the 1D4 peptide. 

Note that these experiments were optimized to yield a high concentration of RhoPDE in the 

final eluate and not for a high yield of protein from the HEK293 cells. Thus, the C8 column 

was overloaded in these examples where excess RhoPDE can be observed in Western blots 

of the FT lanes. In addition, it must be kept in mind that the Western blots in this figure are 

significantly overloaded with protein levels well outside of the linear detection range (the 

same amount of material was loaded on the Western blots as was loaded on the Coomassie-

stained gel). This can be seen most readily from the truncated Rho domain (migrating at 

approximately 35–40 kDa) observed in both Western blots of panels B and C, but not visible 

in the Coomassie-stained gel in panel A.
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Figure 3. 
UV–vis absorption spectra of purified RhoPDE from HEK293 cells. (A) Spectrum of the 

C8-purified pigment with ATR in the dark state. (B) Expanded visible region of the dark 

state spectrum in panel A. (C) Visible region spectrum of the 1D4-purified pigment with 

ATR in the dark state. (D) Spectrum of the tandem C8- and 1D4-purified pigment with ATR 

in the dark state. (E) Visible region of the spectrum in panel A before (dotted line) and after 

(solid line) a 30 s exposure to room lights.
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Figure 4. 
Determination of the RhoPDE transmembrane topology and orientation. Immobilized 

COS-7 cells were transfected with the dual (C8 and 1D4) epitope-tagged RhoPDE on glass 

coverslips and incubated with the antibodies under permeabilized or unpermeabilized 

conditions for immunofluorescent staining, as indicated in the figure and described in 

Experimental Procedures. Panels A and B show intact and detergent-permeabilized cells, 

respectively, probed with the 1D4 antibody. Panels C and D show intact and detergent-

permeabilized cells, respectively, probed with the C8 antibody. Fluorescence from either 

probe is observed only in permeabilized cells, indicating both epitopes are intracellular. The 

COS-7 cells in panels B and D show a diffuse staining pattern typical of proteins localized to 

the plasma membrane.
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Figure 5. 
Phosphodiesterase activity of RhoPDE from transiently transfected HEK293-GnT1− cells. 

The reaction mixture contained RhoPDE in membranes isolated from transfected cells or in 

liposomes reconstituted with protein that had been purified from transfected cells. The 

RhoPDE used in this figure contained only the C-terminal 1D4 tag (i.e., no C8 tag). The 

formation of 5′-GMP from cGMP (or 5′-AMP from cAMP) was followed by HPLC: (●) 

reaction in the dark and (○) reaction in the light. Integrated peaks corresponding to GMP (or 

AMP) at each time point were converted into concentrations with a standard curve and 

plotted vs time. Panels A and B show two representative reactions with RhoPDE (50 nM) in 

HEK293 membranes reconstituted with ATR. (A) kcat = 19.6 ± 0.2 s−1; (B) kcat = 25.4 ± 0.2 

s−1. (C) Reaction with RhoPDE (50 nM) in HEK293 membranes not reconstituted with 

ATR. This reaction was performed in the absence of light from the 300 W tungsten source. 

kcat = 21.3 ± 0.2 s−1. (D) cGMP phosphodiesterase actvity of RhoPDE (50 nM) in 

reconstituted liposomes. kcat = 27.7 ± 0.2 s−1. (E) cAMP phosphodiesterase actvity of 

RhoPDE (100 nM) in reconstituted liposomes. kcat = 3.7 ± 0.1 s−1.
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Figure 6. 
Purification and assay of RhoPDE from HEK293 cells grown in the presence of ATR. (A) 

Absorption spectra of RhoPDE after purification (C8 antibody column) from HEK293 

membranes. The figure compares the yield of RhoPDE from cells grown in the presence and 

absence of ATR: yellow, cells grown in the presence of ATR; and blue, cells grown in the 

absence of ATR. Membranes from cells grown in the absence of ATR were treated with 

retinal before detergent solubilization. No ATR was added to membranes from cells grown 

in the presence of ATR. (B) cGMP phosphodiesterase activity of RhoPDE in membranes 

isolated from cells grown in the presence of ATR. No additional ATR was added. The assay 

buffer for this reaction consisted of 50 mM HEPES (pH 6.5), 50 mM NaCl, 10 mM MgCl2, 

and 0.5 mM EDTA.
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Figure 7. 
Phosphodiesterase activity of the isolated PDE domain purified from transformed E. coli T7 

Express cells. (A) Coomassie-stained SDS–PAGE gel showing fractions from purification of 

the isolated PDE domain from transformed E. coli T7 Express cells using a six-His tag with 

a Ni affinity column: lane M, molecular mass markers in kilodaltons; lane P, pellet from the 

cell extract; lane S, soluble fraction from the cell extract; lane FT, flow-through, nonbound 

fraction from the Ni affinity column; lane W, last wash before elution with an imidazole 

gradient; and lanes E1–E3, three representative fractions from the imidazole gradient eluate. 

(B) AKTA FPLC profile for size exclusion chromatography of the isolated PDE domain on a 

Superdex-200 10/300 GL column. Molecular mass standards: (1) blue dextran, 2000 kDa, 

8.5 mL (void volume); (2) aldolase, 158 kDa, 13.15 mL; (3) albumin, 67 kDa, 14.57 mL; (4) 

ovalbumin, 43 kDa, 15.41 mL; and (5) chymotrypsinogen, 25 kDa, 17.35 mL. The isolated 

PDE domain elutes at 14.5 mL, giving a mass of 74 kDa, consistent with a homodimer. (C) 

HPLC assay of the cGMP phosphodiesterase activity of the isolated PDE domain. The 

concentration of PDE in this assay was 100 nM, which gives an apparent kcat of 3.13 ± 0.12 

s−1.

Lamarche et al. Page 21

Biochemistry. Author manuscript; available in PMC 2017 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Structure of the PDE domain homodimer. The figure shows a ribbon diagram of molecules 

A and B of the dimer, colored green and cyan, respectively. Zn2+ and Mg2+ ions are modeled 

as purple and green spheres, respectively. N- and C-termini are marked.
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Figure 9. 
Active site of PDE monomer A, showing metal ion coordination, water molecules, and 

hydrogen bonds to active site residues. The figure shows an omit map (Fo − Fc = 3σ) with 

electron density for the Zn2+ and Mg2+ ions in the active site of monomer A. The water 

molecules and Zn2+ and Mg2+ ions are modeled as red, purple, and green spheres, 

respectively.
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Figure 10. 
Superposition of PDE and PDE9 (PDB entry 2HD1) dimers using monomer A as a reference 

molecule. Monomers A and B of PDE are colored green and cyan, respectively. Both 

monomers of PDE9 are colored salmon. Zn2+ (purple) and Mg2+ (green) ions are modeled 

as spheres. Helices of monomer A are labeled according to the PDE9 model.
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Table 1

Crystallographic Data Collection and Refinement Statistics (PDB entry 5VYD)

Data Collectiona

space group P212121

resolution range (Å) 20–2.3

highest-resolution shell (Å) 2.42–2.30

unit cell parameters (Å) a = 74.7

b = 96.4

c = 108.6

total no. of reflections 425946

no. of unique reflections 34788

completeness (%) 98.0 (94.8)

CC1/2 0.99 (0.93)

Rmerge (%) 12.9 (79.4)

I/σ(I) 12.7 (2.8)

redundancy 12.2 (11.6)

Refinement

resolution range (Å) 20–2.3

no. of reflections used 34395

Rcryst (%) 21.6

Rfree (%) 24.6

no. of protein atoms 5148

no. of metal atoms 4

no. of water molecules 288

root-mean-square deviation for bond lengths (Å) 0.002

root-mean-square deviation for bond angles (deg) 0.5

Molprobity score 1.92

a
Values for the highest-resolution shell are given in parentheses.
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