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Abstract 

The relationship between genotype and phenotype is nontrivial due to often complex 

molecular pathways that make it difficult to unambiguously relate phenotypes to specific 

genotypes. Photopigments, an opsin apoprotein bound to a light-absorbing 

chromophore, present an opportunity to directly relate the amino acid sequence to an 

absorbance peak phenotype (λmax). We examined this relationship by conducting a 

series of site-directed mutagenesis experiments of retinochrome, a non-visual opsin, 

from two closely related species: the common bay scallop, Argopecten irradians, and 

the king scallop, Pecten maximus. Using protein folding models, we identified three 

amino acid sites of likely functional importance and expressed mutated retinochrome 

proteins in vitro. Our results show that the mutation of amino acids lining the opsin 

binding pocket are responsible for fine spectral tuning, or small changes in the λmax of 

these light sensitive proteins  Mutations resulted in a blue or red shift as predicted, but 
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with dissimilar magnitudes. Shifts ranged from a 16 nm blue shift to a 12 nm red shift 

from the wild-type λmax. These mutations do not show an additive effect, but rather 

suggests the presence of epistatic interactions. This work highlights the importance of 

binding pocket shape in the evolution of spectral tuning and builds on our ability to 

relate genotypic changes to phenotypes in an emerging model for opsin functional 

analysis. 

 

Author summary 

Site-directed mutagenesis determined that spectral tuning in retinochrome is not solely 

additive, but is influenced by intra-molecular epistasis.  

 

Introduction 

Understanding how genotype influences phenotype is a fundamental goal of 

biology. This relationship is far from trivial, as complex genetic pathways and 

environmental effects often preclude clear connections. The phototransduction system 

that converts light into electrical signals [1] offers a rare opportunity to examine 

genotype-phenotype relationships because single amino acid substitutions can 

drastically alter visual protein phenotype [2]. Furthermore, because photopigments – the 

functional unit of phototransduction – only absorb a portion of the light spectrum, the 

maximum absorbance (λmax) represents a directly measurable phenotype. 

Photopigments form by covalent bonds between a retinal chromophore and the 

binding pocket of an opsin apoprotein. The interactions of the chromophore with amino 

acids in the binding pocket have been highlighted as critical for photopigment function 

by theoretical calculations [3,4], mutagenesis [5–9] and quantum mechanics/molecular 

mechanics (QM/MM) modeling [10–12]. Such interactions between the chromophore 

and the amino acid residues within the binding pocket of the opsin are thought to be 

responsible for modulating λmax, or spectral tuning [3,13]. Changing amino acid side 
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chains that effect the environment of the chromophore binding pocket may be 

particularly important [14]. 

Extensive mutagenesis efforts have been directed towards identifying spectral 

tuning sites in opsins [15–18]. In vertebrates, λmax differences between middle- and 

long-wavelength-sensitive pigments involved in color vision are attributed to three [19–

21] or five [22,23] amino acid sites. These individual sites are responsible for small 

nanometer shifts that cumulatively alter the protein function [7]. Whether the patterns of 

amino acid changes responsible for spectral tuning in vertebrate visual opsins are 

broadly applicable to the immense diversity of opsin proteins is unknown. This is 

because the vast majority of experimental spectral tuning research has been done in 

vertebrate visual systems (e.g., monostable Gt-protein coupled opsins) (reviewed in 

[24,25]), with few exceptions in non-vertebrate species (e.g., bistable Gq-protein 

coupled opsins [26–31] and tetraopsins [32,33]). Moreover, the crystal structure of 

invertebrate opsins, such as Gq-protein coupled opsins (e.g., squid and jumping spider 

“rhodopsins”), have important differences compared to vertebrate opsin (Gt-protein 

coupled opsins, e.g., bovine rhodopsin), such as greater organization in the cytoplasmic 

region correlating to bistability, an interconvertibility between the photopigment’s dark 

state and its photoproduct [34–36]. This longstanding focus on vertebrate opsins has 

left us with a severe lack of understanding for how spectral tuning is controlled in 

invertebrate opsins. 

To identify amino acids involved in the spectral tuning of photopigments, 

comparing the amino acid sequence and protein function of two closely related species 

is an effective starting point. Here, we cloned and expressed in vitro a mollusc-specific 

opsin, retinochrome, from two closely related scallops: the common bay scallop, 

Argopecten irradians (Lamarck, 1819) and the king scallop, Pecten maximus (Linnaeus, 

1758).  The two species have different ecologies: A. irradians is found in shallow (<10 

m) protected estuarine waters among sea grass beds that trap suspended fine 

sediments [37], while P. maximus occurs in deeper (20-45 m) coastal waters with clean 

firm sand, fine gravel or sandy gravel bottoms [38]. Differences in depth, turbidity, and 
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substrate suggest different photic environments, which can influence spectral tuning of 

photopigments, like retinochrome [39].  

Retinochrome is one of the few examples of a non-vertebrate, non-visual opsin 

with well-characterized biochemical and spectral properties [40–45].  Further, its ease of 

expression and predictable nature in heterologous cell culture makes it a compelling 

protein to work with [33]. Retinochrome belongs to the “photoisomerase” opsin clade of 

RGR/retinochrome/peropsin [46], and it is closely related to the mammalian retinal G 

protein-coupled receptor (RGR) [47] and the lepidopteran unclassified opsin (UnRh) and 

RGR-like genes [48] (Fig. 1). The protein is localized away from, but in close proximity 

to, the primary site of phototransduction, such as the inner segments of retinal 

photoreceptor cells [42,49] and pigment cell membranes of light-sensing 

chromatophores [49] in cephalopods. Like other opsins, retinochrome possesses a 

lysine for, and counterion that stabilizes, chromophore binding [33]. However, 

retinochrome does not mediate phototransduction like other opsins. Instead, it is a 

photoisomerase in the retinoid visual cycle of molluscs, converting all-trans retinal to 11-

cis retinal following the absorption of light [50]. Whether a few amino acid substitutions 

cumulatively contribute to differences in retinochrome λmax values, as seen in vertebrate 

visual opsins, is unknown. 

We hypothesize that changing the shape [51] or electrostatic environment [52] of 

retinochrome’s binding pocket will shift the λmax value. This shift would be the result of 

different biochemical properties of newly introduced amino acid residues, which can 

affect noncovalent interactions within the photopigment. To test this hypothesis, we 

performed reciprocal site-directed mutagenesis of retinochromes from the common bay 

scallop, Argopecten irradians, and the king scallop, Pecten maximus. Using a protein 

modeling approach, we identified three amino acid sites in the binding pocket and 

created 14 mutants representing all reciprocal amino acid combinations that occur 

between the two species at the three sites of interest in each background. Spectral 

analyses indicate that these three sites have differing degrees of influence on 

phenotype and appear to have epistatic interactions with other regions of the protein. 

Our results reveal a more complicated path from genotype to phenotype than typically 

seen for opsins.  
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Materials and methods 

Retinochrome Cloning and Insertion in Vector 

Previously assembled transcriptomes (Serb et al., in prep) were used to identify 

retinochrome sequences in Argopecten irradians and Pecten maximus. Based on those 

transcripts, UTR-specific primers were designed to amplify the complete coding regions 

from cDNA (Table S1). Scallop RNA was extracted from eye tissue using the RiboPure 

RNA extraction kit (Ambion) and converted to cDNA libraries. PCR was carried out with 

a reaction mixture equaling 50 µL, containing, 5 µL of 10x buffer, 1.5 µL of 25 mM MgCl, 

4 µL of 2.5 mM dNTPs, 0.2 µL Platinum Taq, 1 µL of 10 µM of forward and reverse 

primers (Table S1), and 1 µL of 3 µM template cDNA. The thermocycler protocol used 

was as follows, with variation in primer annealing temperatures: 95°C for 2 min; 35 

cycles of 95°C for 30 s, primer temperature for 40 s, and 72°C for 2 min; and 72°C for 

10 min. PCR products were size-screened using a 1% agarose gel electrophoresis, 

bands of expected size (923bp) were gel extracted (Qiagen Qiaquick Gel Extraction kit) 

and cloned using chemically competent E. coli cells following the manufacturer’s 

protocol (TOPO TA Cloning Kit with pCR2.1-TOPO). The identity of positive colonies 

from blue-white screening was confirmed by Sanger DNA sequencing using an ABI 

3730 Capillary Electrophoresis Genetic Analyzer at the Iowa State University DNA 

Facility. The genes were then inserted into the expression vector p1D4-hrGFP II [54] to 

generate our working plasmids for retinochrome from A. irradians (Airr-RTC) and P. 

maximus (Pmax-RTC). These expression plasmids served as the templates for site-

directed mutagenesis. 

 

Modeling and Site Identification 

 To identify amino acids lining the binding pocket which may be responsible for 

altering the λmax of retinochrome, amino acid sequences and predicted 3D models were 

compared. Amino acid sequences of A. irradians retinochrome and P. maximus 
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retinochrome were aligned using MAFFT v7.221 [55]. To identify sites hypothesized to 

cause changes in λmax of retinochrome, amino acid sequences of A. irradians and P. 

maximus retinochrome were submitted to GPCR-I-TASSER [56] to create 3D models of 

each protein. The resulting models were then submitted to COACH [57,58], a meta-

server used to predict the active interaction sites within protein-ligand interactions. 

COACH outputs a list of amino acid sites it has predicted to interact with the ligand 

when bound based on proximity of the amino acid to the bound ligand model. This list of 

predicted sites was compared to the alignment of Airr-RTC and Pmax-RTC, specifically 

to identify predicted interaction sites that are also not conserved sites between the two 

species, revealing one predicted interaction site which differed between species. 

 The second approach to identifying amino acids responsible for altering the 

retinochrome binding pocket environment was based on the role of possible polar 

interactions between amino acids and variation in the shape or electrostatic 

environment of the binding pocket plays a role in spectral tuning of the λmax of opsins. 

3D models from COACH were loaded into UCSF Chimera v1.4 [59], a visualization 

software for molecular analyses and model comparison. Using Chimera, predicted 

interaction sites were differentially highlighted based on whether the amino acids were 

conserved between A. irradians and P. maximus amino acid sequences. Non-conserved 

amino acids outside of or far from the binding pocket were disregarded, as they are less 

likely to affect the polarity or shape of the binding pocket. The distances of the predicted 

interaction sites to the active side chains of non-conserved amino acids were then 

individually measured. Distances less than 3.5 angstroms (maximal hydrogen bond 

length) were searched for, revealing two sites as targets for site-directed mutagenesis. 

 

Site-directed Mutagenesis 

 To create fourteen mutants (all possible combinations of the reciprocal mutants 

at the three sites of interest), the Airr-RTC and Pmax-RTC expression plasmid served 

as the templates for the preceding mutagenesis experiments. DNA Polymerase 

PfuTurbo (Agilent, Santa Clara, CA) was used for all cloning experiments following the 
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manufacturer’s instructions with the same thermocycler profile with varying annealing 

temperatures dependent on the specifications of each primer set (Table S1). Following 

PCR protocol, reaction was subjected to a 2.5-h digestion with DpnI (New England 

Biolabs, Ipswich, MA) at 37°C. Five microliters of the reaction was then used to 

transform TOP10 chemically competent E. coli cells (Thermo Fisher Scientific, 

Waltham, MA). Positive colonies containing the correct mutant sequence were 

confirmed by Sanger sequencing. Overlapping primers were developed to create 

mutant Airr-RTC and Pmax-RTC (Table S1). Single mutant primers were used in the 

creation of all mutants except for one double mutant plasmid. Due to the proximity of the 

selected sites, a set of primers including two mutation sites was used to guarantee 

mutation of both sites without removal of either. Mutant products were then used as 

templates for subsequent mutagenesis. Plasmids were amplified by incubating 

positively identified colonies in 1 L liquid LB culture with 50 µg/mL kanamycin. Plasmids 

were purified using QIAGEN (Hilden, Germany) HiSpeed Plasmid Maxi Kit according to 

the manufacturer’s instructions with the product sequenced to confirm mutant identity. 

The seven mutant proteins of Airr-RTC were successfully created, comprising all 

the combinations of reciprocal mutations at the respective sites. Wild-type Airr-RTC was 

used as the backbone template for the single mutant proteins. Mutants are labeled with 

a delta indicating presence of a mutation followed the wild-type and resulting amino 

acid, respectively, flanking the site number: Airr-RTC-ΔM181L, Airr-RTC-ΔY188W, and 

Airr-RTC-ΔV193A. Double mutant proteins used the single mutant retinochromes as a 

template using the same primers used to create the single mutants; however, due to the 

proximity of sites 188 and 193, new overhang primers were designed to include the 

mutations at both sites (Table S1). This ensured the production of a double mutant 

without the chance of reverse mutation. The resulting mutants are: Airr-RTC-ΔM181L-

ΔY188W, Airr-RTC-ΔM181L-ΔV193A, Airr-RTC-ΔY188W-ΔV193A. Finally, the 

production of the triple mutant was carried out using Airr-RTC-ΔY188W-ΔV193A as the 

template and the primer set for site 181: Airr-RTC- ΔM181L-ΔY188W-ΔV193A. 

Reciprocal mutants were made in the same manner using different primers (Table S1) 

to create the respective combinations of mutants with Pmax-RTC: Pmax-RTC-ΔL181M, 

Pmax-RTC-ΔW188Y, and Pmax-RTC-ΔA193V, Pmax-RTC-ΔL181M-ΔW188Y, Pmax-
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RTC-ΔL181M-ΔA193V, Pmax-RTC-ΔW188Y-ΔA193V, and Pmax-RTC- ΔL181M-

ΔW188Y-ΔA193V. 

 

Cell Culture, Expression, and Pull-down 

 To express wild-type and mutant retinochrome proteins in vitro, 15 plates 

(Corning Falcon Standard Tissue Culture Dishes, 10cm, ref. 353003; Tewksbury, MA) 

of confluent HEK293T cells (ATCC, Manassas, VA) were transfected with 8 mg DNA 

and 20 mL 293fectin Transfecting Reagent (Thermo Fisher Scientific) per plate, 

according to the manufacturer’s instructions. Bovine rhodopsin was used as a system 

control using two plates of confluent HEK293T cells with equivalent amounts of DNA 

and 293fectin as described above. Plates were incubated for 24 hours before the 

minimum essential medium (MEM) was exchanged with new MEM containing 5 µmol 

all-trans retinal for retinochrome and 5 µmol of 11-cis retinal for bovine rhodopsin. Due 

to the addition of light sensitive retinal at this step, all subsequent culturing and 

experimentation was conducted in a dark-lab environment under dim red light. The 

plates were incubated for another 24 hours before cells were harvested by scraping the 

plates twice with 5 mL bufferA (3 mmol MgCl2, 140 mmol NaCl, 50 mmol HEPES pH 

6.6, aprotinin [10 mg/mL], leupeptin [10 mg/mL]). All subsequent centrifugation and 

incubation steps were at 4°C or on ice. Cells were collected by pellet following 

centrifugation (10 min at 1620 relative centrifugal force [RCF]) and resuspended in 10 

mL buffer A. Cells were washed two times in total following the same protocol. 

 After a second wash, cells were resuspended in 2 mL per plate of buffer A with 5 

µmol all-trans retinal to regenerate the photopigment. The cell suspension was nutated 

for 1 hour at 4°C. The regenerated cells were pelleted by centrifugation for collection at 

38360 RCF for 20 minutes and resuspended in solubilization buffer (buffer A plus 1% n-

dodecyl b-D-maltoside and glycerol [20% w/v]) using 1 mL solubilization buffer per 

plate. The solubilized cells were nutated for 1 hour at 4C. After the hour nutation, the 

mixture was centrifuged for 20 min at 42,740 RCF. The supernatant was then added to 

a 100 mL slurry resin (1:1 v/v resin/resin buffer) composed of 1D4 antibody (University 
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of British Columbia, Canada) conjugated to sepharose beads and nutated for 30 

minutes. The resin was washed three times with 5 mL washing buffer (buffer A with 1% 

n-dodecyl b-D-maltoside and glycerol [20% w/v] without aprotinin and leupeptin), and 

the protein was eluted with 2 mL elution buffer (washing buffer with 40 mmol Rho1D4 

peptide [TETSQVAPA]), adapted from Oprian et. al. (1987). To concentrate the protein 

sample, eluate was concentrated to ~300 uL using 4 Amicon Ultra 0.5 mL 10 kDa 

centrifugal filters (Millipore, Billerica, MA).  

 

Spectrophotometry 

Ultraviolet-visible absorption spectra (250–750 nm) of purified proteins was 

measured at 15°C using a Hitachi U-3900 spectrophotometer (Chiyoda, Tokyo, Japan). 

Data analysis was performed on the mean value of five spectral measurements with the 

software UV Solutions v4.2 (Hitachi). To test the proteins for photoreactivity, “dark” 

absorbance was measured first for each protein, e.g., the naïve protein that has been 

incubated and regenerated with the all-trans retinal chromophore. Retinochrome 

proteins were tested independently with all-trans retinal because (1) retinochrome 

preferentially binds all-trans retinal [40] and (2) retinochrome forms a stable pigment 

only in the presence of all-trans retinal [61]. The maximum absorbance of the all-trans 

retinal when unbound to retinochrome apoprotein is 380 nm. Thus, any light-dependent 

isomerization converting free all-trans retinal to 11-cis retinal will be undetectable in the 

experimental system. Therefore, the most plausible explanation for any observed 

change in spectral absorbance is due to a conformational change of the retinal 

covalently bonded to the apoprotein.  

For the “light” spectra, extracted proteins were bleached at different wavelengths 

according to λmax identified from the “dark” spectra and then the absorbance was 

measured. Extracted proteins were first exposed to light at ∼474 nm using two blue 

LEDs (MR16-B24-15-DI; superbrightleds.com) simultaneously irradiating both 

transparent sides of the cuvette (Hellma Analytics 104002B-10-40; Müllheim, Germany) 

for 3 minutes and the absorbance was recorded. A final exposure to white light was 
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performed, followed by an absorbance measurement. Mean spectra were plotted using 

R scripts (R Core Team, 2017) with interpolation of the data points being performed with 

the R function smooth.spline.  

A differential spectrum was calculated from two adjacent light treatments (i.e., the 

absorbance spectrum before exposure to light [dark spectra] was subtracted from 

spectra after the exposure to blue light [blue spectra]) and tested for fit to an A1 

rhodopsin mathematical template [62] using the Curve Fitting Toolbox in MATLAB 

(fittype, fit; [63]). Each difference spectrum was tested against templates with λmax 

ranging from 350 nm to 750 nm at 1-nm intervals. Prior to fitting the template, the 

minimum baseline value of each differential spectrum was set to zero and the curve was 

normalized to the peak value in the visible spectrum. The best fit was determined by the 

least sum of squares deviations from 25 nm below the peak to 75 nm above. Most of 

the evaluated spectra were excellent fits to the template (R2 >0.75). For spectra with 

poor fits (R2 <0.50) due to baseline artifacts in the blue treatment, the template was fit 

using narrower range of λmax templates (25 nm below the peak to 5 nm above). 

 This approach minimized the likelihood of observed differences in spectrum 

being a result of unrelated factors such as handling of the cuvette between light 

exposures and absorbance measurements or degradation of the protein sample other 

than light treatments themselves. These methods were carried out for the wild-type 

proteins of A. irradians and P. maximus and then the seven mutant A. irradians proteins 

and seven mutant P. maximus proteins. 

 

Results 

Retinochromes have similar sequence, but differ spectrally, between scallop 

species 

 Cloned retinochrome sequence of Argopecten irradians (GenBank KX550908) 

and Pecten maximus (GenBank MW984523) were 308 amino acids. The two protein 

sequences were 92% similar, with 25 different amino acid residues. There was high 

sequence conservation within the binding pocket (99%), and most of the residue 
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differences belonged to the same biochemical class. Residues surrounding sites 

important for the function of retinochrome, such as the lysine for chromophore binding 

and the glutamate counterion, are conserved between scallop samples, as are amino 

acids around these sites, and correspond to bovine numbering system as positons 296 

and 181, respectively (Fig. S1).  

 To determine the λmax of A. irradians retinochrome (Airr-RTC) and P. maximus 

retinochrome (Pmax-RTC), we expressed both proteins in HEK293T cells and 

incubated with all-trans retinal. The absorbance peak (λmax) of Airr-RTC was 525 nm 

(Fig. 2A, black curve), while the absorbance peak of Pmax-RTC was 496 nm (Fig. 2C, 

black curve). This is the first in vitro measurement of retinochrome λmax from a scallop 

species, and our measurements are consistent with prior studies conducted on 

retinochrome isolated in crude extracts from squid [42] and snail [64] and expressed in 

vitro from squid [33]. Unfitted spectral data are shown in Figs. S2 and S3.  

 

Three amino acid changes indicate potential interaction sites lining the retinal 

binding pocket 

 To narrow down the candidate list of 25 spectral tuning sites, we employed three-

dimensional protein models to identify potential ligand interaction sites. In total, 18 

positions were identified between the two retinochrome models and were at the same 

binding pocket locations of two RTC homologs with two exceptions. Positions 170 and 

188 were only predicted to be interaction sites in the Pmax-RTC model, but not in the 

Airr-RTC model (Fig. 3A,B). However, the amino acid residue was conserved at position 

170 and thus was removed from the candidate list. In contrast, position 188 varied 

between a tryptophan in Pmax-RTC versus a tyrosine in Airr-RTC. While both of these 

amino acids are classified as hydrophobic with similar pKa scores, the position of the 

tyrosine’s hydroxyl group could allow a more direct polarity change in the binding pocket 

[65], and therefore may affect the absorbance of the photon by the bound retinal (Fig. 

3C). We selected site 188 as the first site for mutation. 
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 To identify other sites that may be responsible for altering the shape of or 

electrostatic environment within the binding pocket, we compared the 3D models of the 

Airr-RTC and Pmax-RTC focusing on the location of the non-conserved amino acids. 

We used UCSF Chimera to manipulate the 3D models, allowing us to measure the 

distance between active groups of the amino acid residues of interest in relation to one 

another as well as the retinal molecule. Many non-covalent polar interactions range 

from 0.5 to 3.5 angstroms, thus this range was used as a criterion for identifying sites of 

interest through bond measurements. Site 184 (Fig. 3A,B) is a conserved methionine in 

both Pmax-RTC and Airr-RTC but was predicted by COACH to function as a ligand 

interaction site. A neighboring site which is not conserved is site 181. Site 181 is a 

methionine in Airr-RTC and a leucine in Pmax-RTC. The primary difference between 

these nonpolar side chains is the presence of the thioether of the methionine. This 

thioether allows for oxidation of the residue and acts as a strong hydrogen bond 

acceptor. Bond measurements show that the sulfur of Met181 is only 2.85 angstroms 

from the side chain hydrogens of Met184 (Fig. 3C). We selected site 181 as a second 

site of interest due its potential in changing the polarity of an amino acid lining the 

binding pocket, site 184. 

 Using the same logic, we also identified nonconserved position 193 as a site of 

interest. Position 189, a leucine, was predicted by COACH as an interaction site for the 

ligand (Fig. 3A,B), yet was conserved between the RTC homologs. However, within 0.5 

to 3.5 angstroms, position 193 differed as a valine in Airr-RTC or an alanine in Pmax-

RTC. The isopropyl group of the valine is much bulkier than that of the methyl group 

found in alanine. Given the proximity of the hydrogens found on the carbon groups of 

the leucine to that of the valine (between 2.735 angstroms and 3.202 angstroms) it is 

likely that the location of predicted interaction site 193 is altered in the space of the 

protein (Fig. 3C).  
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Selected amino acid mutations cause shifts in the maximum absorbance (λmax) 

 Single mutations had specific effects on λmax in comparison to the Airr-RTC and 

Pmax-RTC wild-type proteins (Table 1). In Airr-RTC single mutants, site 181 (M181L) 

absorbed at 521 nm, a -4 nm change from the wild-type (Fig. 2Bi), while site 188 

(Y188W) and site 193 (V193A) resulted in blue shift of either 16 or 15 nm (λmaxes of 509 

nm and 510 nm), respectively (Fig. 2Bi-iii). The blue shift from mutations at 188 and 193 

suggest their role as spectral tuning sites. Both double mutants containing mutations in 

site 188 (Airr-RTC-ΔM181L-ΔY188W and Airr-RTC-ΔY188W-ΔV193A) also shifted blue, 

with λmaxes of 513 nm and 515 nm, respectively (Fig. 2Bv,vi). The double mutations at 

sites 181 and 193 had little change in the absorbance peak from the wild-type with a 

λmax of 521 nm (Fig. 2Biv) in the Airr-RTC background. Considering the λmax of the single 

mutants at sites 181 and 193, the combination of the two shows the effects at site 181 

either compensate for or outweigh the effects at site 193. The triple mutant (Airr-RTC-

ΔM181L-ΔY188W-ΔV193A) resulted in a 12 nm blue-shift (λmax = 513 nm) (Fig. 2Bvii).  

 We also expressed and recorded the spectra of the seven mutant Pmax-RTC 

(Fig. 2D). From the single mutants, sites 181 (Leu to Met) and 193 (Ala to Val) showed 

a slight red shift with λmaxes of 508 nm and 498 nm, respectively (Fig. 2Di,iii). Site 188 

(Trp to Tyr) showed a red shift to 505 nm (Fig. 2Dii). The Pmax-RTC double mutants 

had no or little change in λmax from wild-type spectra. Double mutant protein Pmax-RTC- 

ΔM181L-ΔY188W had a λmax of 500 nm, the combination mutant Pmax-RTC- ΔM181L-

ΔV193A showed a change in λmax from the wild-type protein at 505 nm, and Pmax-RTC- 

ΔY188W-ΔV193A had a λmax of 494 nm (Fig. 2Div-vi). The triple mutant Pmax-RTC-

ΔM181L-ΔY188W-ΔV193A also showed a 5 nm red shift (λmax = 505 nm; Fig. 2Dvii). 
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Discussion 

The relationship between genotype and phenotype is a central unanswered 

question in biology. Here, we provide the first experimental results with respect to 

absorbance spectra of a molluscan photopigment. We investigated the genotype-

phenotype relationship by comparing retinochrome from two closely related scallop 

species and, through site-directed mutagenesis experiments, altered amino acids 

predicted to influence spectral absorbance. Because the A. irradians and P. maximus 

retinochrome sequences are highly conserved around both the Schiff base binding site 

and the counterion (Fig. S1), the 29 nm difference in retinochrome λmax that we 

observed between the two species must be attributed to non-conserved sites elsewhere 

in the protein. We hypothesized that amino acids lining the binding pocket may in part 

be responsible for spectral tuning of retinochrome λmax. We used bioinformatic methods 

to identify three non-conserved amino acids that may alter the shape or electrostatic 

environment of the opsin binding pocket, and reciprocally mutated those sites between 

A. irradians and P. maximus to test their role in spectral tuning. These three sites are, in 

part, responsible for spectral tuning of scallop retinochromes. However, our results 

show that the relationship between amino acid changes and spectral shifts is not simply 

additive, and indicates a role of intramolecular epistasis in retinochrome spectral tuning.  

 

Predicted Ligand Interaction Sites Alter λmax 

Through protein modeling and subsequent testing of 14 reciprocal site-directed 

mutants, we found three sites that effect spectral tuning of retinochrome.  However, 

these results were not always predictable or additive in nature. Site 188, a tyrosine in A. 

irradians and a tryptophan in P. maximus, was the only non-conserved predicted 

interaction site based on the COACH analysis. Mutations created at this site resulted in 

a -16 nm blue shift and a +9 nm red shift of λmaxes for  Airr-RTC-ΔY188W and Pmax-

RTC-ΔW188Y, respectively. This mirroring effect between reciprocal mutants strongly 

indicates an independent effect on spectral tuning at this location. The impact of 
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hydroxyl-containing amino acids, such as tyrosine, on λmax is well documented in both 

vertebrate and invertebrate photopigments [15,30,65,66]. Such studies demonstrate 

that the change in λmax is due to the potential dipole moments created by the oxygen of 

hydroxyl groups in proximity of the ß- ionone ring of the chromophore, which cause a 

red shift of the absorption maximum or dipole residues around the protonated Schiff 

base that result a λmax shift in the opposite direction (e.g., OH-site rule [67]). The former 

may be occurring in Pmax-RTC-ΔW188Y. Our Airr-RTC 3D model shows the tyrosine 

hydroxyl group inserted into the aromatic ring of the retinal, while the tryptophan in the 

Pmax-RTC model does not extend as far. This impossible orientation of tyrosine is likely 

the result of the software’s limitation, which only provides 11-cis retinal as a ligand 

option, rather than the all-trans retinal preferred by retinochrome. Likely, the straight 

poly-carbon chain of the all-trans retinal would rest differently in the binding pocket of 

the retinochrome, but the potential for dipole moments from the hydroxyl group could 

still affect the electrostatic environment of the binding pocket. This hydroxyl group is 

absent in the tryptophan at site 188 of wildtype P. maximus. Spectral analyses of the 

single, double, and triple mutants of Airr-RTC with the Y188W mutation all had a blue 

shift in λmax ranging from -10 nm to -16 nm as expected under the OH-site rule, while 

spectra of Pmax-RTC single, double, and triple mutants with the W188Y mutation did 

not show the reciprocal pattern. The Pmax-RTC W188Y single mutant, L181M and 

W188Y double mutant, and L181M, W188Y and A193V triple mutant had slight red 

shifts between +4 nm to +9 nm, while the double mutant containing W188Y and A193V 

showed a blue shift of 2 nm. These conflicting changes in λmax indicate that other polar 

groups may be involved in retinochrome spectral tuning. Future work should consider 

the “dipole-orientation rule,” an extension of the OH-site rule, that takes into account 

both location and orientation of polar groups, including water molecules, in modeling 

approaches  [47]. 

The remaining two mutant sites, 181 and 193, allowed us to investigate the 

effects of residues in close proximity to predicted interaction sites rather than sites 

directly interacting with the retinal chromophore. The results of our site-directed 

mutagenesis experiments point to a hierarchy of effects. For instance, we observed the 

same -4 nm (λmax 521 nm) shift in Airr-RTC with the M181L single mutation as with the 
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double mutant with M181L and V193A, yet the single mutant V193A had a large -15 nm 

blue shift (λmax 510 nm). The lack of spectral shift in the double mutant between these 

sites indicate that the effect posed by M181L may compensate for the alteration caused 

by the mutation at V193A in Airr-RTC backbone. In Pmax-RTC mutants, single mutants 

at same sites L181M and A193V had the reverse magnitude (+12 nm and +2 nm, 

respectively), while the double mutant of those sites had an intermediate change in λmax 

(+9 nm). This red shift was maintained in Pmax-RTC mutants at the same sites. The 

mutation with hydrophobic residues in bacterial rhodopsins have been shown to cause 

dramatic blue shifts (up to 80 nm relative to wild type) [69], because the side chains of 

these hydrophobic residues tend to be bulky due to the saturation of hydrogens and 

may restrict movement of the retinal’s ß- ionone ring. Thus, the presence of 

hydrophobic residues may alter the binding pocket geometry by pushing adjacent 

residues, such as those lining the binding pocket, into different orientations. 

 

A possible role for binding pocket shape in determining λmax 

The effect of mutation V193A in Airr-RTC may exhibit a stronger effect on the 

shape of the binding pocket. The single Airr-RTC mutants containing V193A showed a 

large blue shift (-15 nm), with the exception of the double mutant also containing 

M181L, which showed a slight -4 nm blue shift. The decrease in size of side chains from 

valine to alanine may be significant enough to reduce the bulging effect of this amino 

acid residue on the proposed ligand binding site, creating variation in the region of the 

protein and the shape or size of the binding pocket. However, when combined with 

M181L mutation, the small change of λmax could suggest that the second mutation  

compensates for the effect of V193A. Reciprocal mutants at the site 193 in Pmax-RTC 

(A193V) were expected to result in red shifts, mirroring that of Airr-RTC mutants. The 

smallest shift was the single A193V mutant (+2 nm) and the double Pmax-RTC-

ΔL181M-ΔW188Y mutant (-2 nm). Here, the increase in side chain bulk (A to V) 

producing the relatively small change to λmax may indicate a weaken the interaction 

between the ligand and retinochrome. 
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A scenario where mutations in the binding pocket weaken the interactions with 

the chromophore may arise from changes in the distance between the amino acids in 

the binding pocket and the bound retinal as well as the distance between interacting 

amino acids. A change in distance can alter the strength of the interactions of these 

components thus potentially changing the polar environment of the binding pocket and 

the λmax of the protein. While mutations in Airr-RTC blue shift towards the wild-type λmax 

of Pmax-RTC, the λmax of the reciprocal mutants in Pmax-RTC do not change with the 

same magnitude. This may actually reflect reduced interaction strength between binding 

pocket residues and chromophore. Being able to visualize the protein and binding 

pocket shape via crystal structure would help us to understand how the shape is being 

affected by specific mutations.  

 

Epistatic effect on spectral tuning  

In numerous vertebrate visual opsins, spectral tuning is attributed to one or few 

amino acid substitutions [17]. For example, three amino acids are responsible for red-

shifting in the evolution of old world primate trichromatic vision via additive effects 

([70,71] but see [19]). We therefore had reason to expect one or particular combinations 

of the three predicted sites for spectral tuning to be sufficient for shifting λmax from one 

homolog to the to the other. However, our reciprocal site-directed mutagenesis rarely 

mirrored the spectral tuning between Airr-RTC and Pmax-RTC backgrounds. In fact, 

site 188 was the only mutant with similar blue and red shifts for Airr-RTC (-16 nm) and 

Pmax-RTC (+9 nm), respectively, relative to their wildtype proteins. 

Both triple mutants had λmax shifts in the expected direction, though neither shift 

had a magnitude great enough to match the wildtype of the other species, e.g. Airr-

RTC-ΔM181L-ΔY188W-ΔV193A λmax did not match the Pmax-RTC λmax. Otherwise, the 

spectral changes for the double and triple mutant retinochromes relative to the wildtype 

generally did not reflect additive changes of the single mutant effects. Together, these 

results indicate that amino acid substitutions in these spectral tuning sites may 

experience epistatic effects, the non-additive effect on protein function arising from 

identical amino acid substitutions in different genetic backgrounds. Intramolecular 
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epistasis has been implicated in opsin evolution, likely resulting from trade-offs between 

selection maintaining protein stability and spectral tuning [72,73]. Selection on amino 

acid sites relating to properties unrelated to spectral tuning in retinochrome may 

therefore hinder our ability predict changes to absorbance from these three residues 

alone. 

 

Scallop retinochrome as a promising model for understanding opsin function 

In this study we were able to identify and successfully mutate three amino acid 

sites that affect absorption maxima in scallop retinochrome. Our results demonstrate 

that retinochrome is easy to clone, mutate, and express in heterologous cell culture, 

making it as a promising model to examine the genotype-phenotype relationship in 

opsins. To make retinochrome a more powerful system, we need detailed atomic-level 

information to better model how all-trans retinal interacts with the protein and more 

extensive sampling across molluscan species to describe the natural variants and 

patterns of molecular evolution. This study and others [5,74,75] have shown that the 

amino acid sequence does not provide a reliable predictor of absorption maxima (λmax) 

trends. In fact, λmax values are likely determined by changes in the topographical 

distribution and orientation of the amino acid side-chains surrounding the chromophore, 

making 3D structure of the photopigment essential. The application of Quantum 

Mechanics/Molecular Mechanics (QM/MM) models is a powerful tool for studying 

proteins beyond their structural characterizations [10,51,76,77]. However, the modeling 

of opsin proteins is particularly challenging as it not only requires an atomic-level 

representation to correctly describe the interaction between the chromophore and its 

environment, but also a correct description of its light-responsive electronic structure. 

Integrating experimental measurements of retinochrome mutants with model 

refinements could yield more accurate and consistent QM/MM models. With such tools, 

it will be possible to classify the effect of different noncovalent interactions, construct a 

topographical map of their distribution, and ultimately, develop hypotheses on how the 
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λmax values and reactivity properties of the photopigment respond to these interactions 

[78]. 

 

Conclusions 

 We demonstrate the first example of expression, mutagenesis, and spectral 

analysis of retinochrome from scallop species. We showed that the absorbance peaks 

of scallop retinochromes fall within the blue-green range of the visible spectrum similar 

to in vivo measurements of cephalopod retinochrome [33]. We propose methods to 

identify amino acid sites potentially responsible for spectral tuning of photopigments. 

Amino acids near sites of import, such as the Schiff base binding site and counterion, 

have long been recognized for their role in spectral tuning, but our results show that 

sites elsewhere in the protein may be responsible for tuning in the λmax. While we 

uncovered sites for spectral tuning, we rarely observed mirrored changes in λmax for our 

reciprocal mutagenesis studies, suggesting that retinochrome function may be 

influenced by epistasis, thus complicating the predictability of genotype to phenotype 

relationships for this opsin. Finally, our findings highlight the effectiveness of scallop 

retinochrome as a model system for investigating the relationship between genotype 

and phenotype of photopigments.  
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Figures and Table 

 

 

 

Fig 1 – Representation of evolutionary relationships between major opsin 

lineages. Redrawn cladogram based on maximum likelihood reconstructions in 

[46,79,80]. Canonical r-opsins (Gq-protein coupled opsins) are the main visual opsins 

for invertebrates and c-opsins (Gt-protein coupled opsins) are the main visual opsins for 

vertebrates. Both indicated by purple. Opsin lineages shared by molluscs and other taxa 

in green. 
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Fig 2 – Site-directed mutagenesis in Argopecten irradians and Pecten maximus 

retinochromes cause spectral shifts. Difference absorption spectra of dark and blue-

light treated retinochromes generated through heterologous expression (black traces) 

are fit to an A1 visual pigment template (thick gray curve). Spectra were measured at 

15° C. (A) & (C) present the wildtype retinochrome absorption spectra for each species. 

Vertical black dashed lines represent λmax for the template fit to each wildtype species. 

For ease of species comparisons, vertical grey dashed line in (A) denotes P. max λmax; 

Vertical grey dashed line in (C) denotes A. irradians λmax. The wildtype λmax line (black 

dashed vertical line) for each species is respectively plotted in (B) & (D) subpanels i-vii 

to denote shift induced in each mutant.  (B) & (D) summarize data from each mutant 

retinochrome. Single mutations in subpanels i-iii; double mutations in subpanels iv-vi; 

and triple mutations in panels vii for both B & D. Specific mutation sites in upper right 

corner of each subpanel. λmax of template fit to each spectrum listed as blue or red text 

below mutation and denoted as solid vertical line in plot. Blue represents blue-shifted 

λmax (relative to wildtype); red represents red-shifted λmax. 

  

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

 •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



Fig 3 – Location of candidate spectral tuning sites in retinochrome. (A) Amino acid 

and nucleotide sequence alignments of retinochrome for Argopecten irradians (Airr-

RTC) and Pecten maximus (Pmax-RTC) with nucleotide substitutions shaded. Above 

the alignment, large numbers are amino acid sites; small numbers are nucleotide 

positions of the coding sequence. Numbers below the alignment correspond to the 

numbering system of Bovine Rhodopsin (see Fig. S1 for full alignment). Amino acids 

are colored by the degree of hydrophobicity of the side chains ranging from red (more 

hydrophobic) to blue (less hydrophobic). Colored boxes highlight the 3 amino acid 

differences between Airr-RTC and Pmax-RTC at sites with predicted involvement in 

spectral tuning and target nucleotide positions for mutagenesis. (B) Snakeplot showing 
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secondary structure of Airr-RTC. The sites of the mutagenesis experiments are 

highlighted in red (M181), blue (Y188), and yellow (V193). Seven 

transmembrane helices are indicated by roman numerals. (C) 3D modeling 

of bound retinal chromophore and sites of interest. The 11-cis retinal molecule is 

purple, with the amino acid chains colored by atom composition. Yellow dash lines 

and numbers show the distances between structures in angstroms. Amino acid 

residue identities and location are labeled in beige next to the residue. 
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Table 1 – Mutant retinochrome λmax values and the change in nanometers between 

mutant and wildtype λmax values.  

Airr-RTC  

 max= 525 nm 

Pmax-RTC 

 max= 496 nm 

Mutation 

position (Airr 

to Pmax) 

Maximum 

absorbance 

(nm) 

Shift from 

wildtype 

(nm)a 

Mutation 

position 

(Pmax to Airr) 

Maximum 

absorbance 

(nm) 

Shift from 

wildtype 

(nm)a 

181 (M to L) 521 -4 181 (L to M) 508 +12

188 (Y to W) 509 -16 188 (W to Y) 505 +9

193 (V to A) 510 -15 193 (A to V) 498 +2

181 + 188 513 -12 181 + 188 500 +4

181 + 193 521 -4 181 + 193 505 +9

188 + 193 515 -10 188 + 193 494 -2

181 + 188 + 

193 

513 -12 181 + 188 + 

193 

505 +9

a Positive numbers indicate a red-shift from wildtype; negative numbers are a blue-shift from 

wildtype. 
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Tpac-RTC_prot
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Pmax-RTC_prot
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Tpac-RTC_prot

Bov-Rho_prot
Pmax-RTC_prot
Air-RTC_prot
Tpac-RTC_prot

Bov-Rho_prot
Pmax-RTC_prot
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Pmax-RTC_prot
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Tpac-RTC_prot
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Pmax-RTC_prot
Air-RTC_prot
Tpac-RTC_prot
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G RWL YG S VG CQ L MG FWG F F GGMSH IWML F A F AME R YMA V CHR E F YQQMP S

NHA IMG V A F TWVMA L A CA A P P L VGWS R Y I P EGMQCS CG I DY Y T P HE E T NN
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Fig S1. Protein alignment of scallop (Air-RTC, Pmax-RTC) and squid (Tpac-RTC) 
retinochrome with bovine rhodopsin (Bov-Rho). Alignment follows numbering system of 

Bov-Rho. Glutamate (E) counterion and the retinal-binding Lysine (K) in blue, indicated by † and 

‡, respectively. Mutation sites in this study and their homologous positions in bovine and squid 

are shown in three boxes. 
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Maximal absorbance = 512 nm
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Fig S2. Unfitted spectral data of mutant Argopecten irradians retinochrome. Black curves 

plot of the average of five dark (unexposed) spectra and red curves show the average of five 

spectra after 3-minute exposure to blue light. Vertical black lines indicate maximum absorption 

peaks of unfitted data. Insets show the differential absorbance of the dark spectrum minus the

spectrum recorded after irradiation with blue light. 
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Fig S3. Unfitted spectral data of mutant Pecten maximus retinochrome. Black curves plot 

of the average of five dark (unexposed) spectra and red curves show the average of five spectra 

after 3-minute exposure to blue light. Vertical black lines indicate maximum absorption peaks of 

unfitted data. Insets show the differential absorbance of the dark spectrum minus the spectrum

recorded after irradiation with blue light. 
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Table S1. Primer sequences and annealing temperatures used in cloning of wild-type 
retinochromes and the creation of the seven mutants.  

Cloning Target Sequence (5’ to 3’) Annealing temp 
(°C) 

Airr-RTC: 
Out-UTR_F 
Out-UTR_R 
In-UTR_F 
In-UTR_R 
BamHI site 
EcoR1 site 

TGCATGGCAGTGGCTCGGAA 
ACGTCACTCGTTTCCTGTCTCAACA 
CACATTTGATAGAATTGCTCTCG 
CCTGACTGAAAATAGATAAATCTCTG 
ATGCGGATCCCACCATGAGCTCCCCTACAGATACCG 
GCATGAATTCTTGGCCTTGGCTTCCTGTTC 

Step up 49 – 54°C 
Step up 49 – 54°C 
Step up 49 – 54°C 
Step up 49 – 54°C 

55°C 
55°C 

Pmax-RTC: 
Out-UTR_R 
In-UTR_F 
In-UTR_R 
BamHI site 
EcoR1 site 

CCACGGACGCGGGGGTATTG 
GCACAGTGTTAGATAGAGCTCGAGGG 
TGCCTGGCGGAGGACCTTCA 
GCGGATCCCACCATGTCGTCACCTACTGATAC 
GCATGAATTCTTGGCCTTGGCTTCCTGC 

Step up 49 – 54°C 
Step up 49 – 54°C 
Step up 49 – 54°C 

55°C 
55°C 

Airr-RTC ΔM181L: 
Forward 
Reverse 

GAGTCACATTACGTACCTGCAGGCGATGGTAATC 
TAATGGTAGCGGACGTCCATGCATTACACTGAGC 

60°C 
60°C 

Airr-RTC ΔW188Y: 
Forward 
Reverse 

AGGCGATGGTAATCACGTGGCTCATTCTCTTTGTCATGG 
GTACTGTTTCTCTTACTCGGTGCACTAATGGTAGCGGAC 

60°C 
60°C 

Airr-RTC ΔV193A: 
Forward 
Reverse 

GTACCTCATTCTCTTTGCCATGGCGTTTTACGGAC 
CAGGCATTTTGCGGTACCGTTTCTCTTACTCCATG 

60°C 
60°C 

Airr-RTC 
ΔW188Y+V193A: 
Forward 
Reverse 

CACGTGGCTCATTCTCTTTGCCATGGCGTTTTAC 
GTAAAACGCCATGGCAAAGAGAATGAGCCACGTG 

60°C 
60°C 

Pmax-RTC 
ΔL181M: 
Forward 
Reverse 

AACCACATGACCTACATGCAGGCAATGGTAATCACGT 
CGTGATTACCATTGCCTGCATGTAGGTCATGTGGTTC 

60°C 
60°C 

Pmax-RTC 
ΔY188W: 
Forward 
Reverse 

GCAGGCAATGGTAATCACGTACCTCATTCTCTTTGCC 
GCAAAGAGAATGAGGTACGTGATTACCATTGCCTGCA 

60°C 
60°C 

Pmax-RTC 
ΔA193V: 
Forward 
Reverse 

GTCCGTAGAAAGCCATGACAAAGAGAATGAGCCAC 
GTGGCTCATTCTCTTTGTCATGGCTTTCTACGGAC  

60°C 
60°C 

Pmax-RTC 
ΔY188W+A193V: 
Forward 
Reverse 

CACGTACCTCATTCTCTTTGTCATGGCTTTCTACGGACT 
GTCCGTAGAAAGCCATGACAAAGAGAATGAGGTACGTGA 

60°C 
60°C 
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