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mammalian ortholog is RDH12.
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SUMMARY
Capture of a photon by an opsin visual pigment isomerizes its 11-cis-retinaldehyde (11cRAL) chromophore to
all-trans-retinaldehyde (atRAL), which subsequently dissociates. To restore light sensitivity, the unliganded
apo-opsin combines with another 11cRAL to make a new visual pigment. Two enzyme pathways supply
chromophore to photoreceptors. The canonical visual cycle in retinal pigment epithelial cells supplies
11cRAL at low rates. The photic visual cycle in Müller cells supplies cones with 11-cis-retinol (11cROL) chro-
mophore precursor at high rates. Although rods can only use 11cRAL to regenerate rhodopsin, cones can use
11cRAL or 11cROL to regenerate cone visual pigments. We performed a screen in zebrafish retinas and iden-
tified ZCRDH as a candidate for the enzyme that converts 11cROL to 11cRAL in cone inner segments. Reti-
noid analysis of eyes from Zcrdh-mutant zebrafish showed reduced 11cRAL and increased 11cROL levels,
suggesting impaired conversion of 11cROL to 11cRAL. By microspectrophotometry, isolated Zcrdh-mutant
cones lost the capacity to regenerate visual pigments from 11cROL. ZCRDH therefore possesses all pre-
dicted properties of the cone 11cROL dehydrogenase. The human protein most similar to ZCRDH is
RDH12. By immunocytochemistry, ZCRDHwas abundantly present in cone inner segments, similar to the re-
ported distribution of RDH12. Finally, RDH12 was the only mammalian candidate protein to exhibit 11cROL-
oxidase catalytic activity. These observations suggest that RDH12 in mammals is the functional ortholog of
ZCRDH, which allows cones, but not rods, to regenerate visual pigments from 11cROL provided by Müller
cells. This capacity permits cones to escape competition from rods for visual chromophore in daylight-
exposed retinas.
INTRODUCTION

Visual perception in vertebrates begins with the capture of a

photon in the outer segments (OSs) of retinal photoreceptor neu-

rons by an opsin visual pigment. The huge dynamic range (>108-

fold) of the visual systems in humans and other animals is largely

due to the specialization of photoreceptors into high-sensitivity

rods and low-sensitivity cones, with cones in many species

providing color vision at high temporal and spatial resolution.

Rhodopsin and the cone opsins are members of the G protein-

coupled receptor superfamily. The ligand for these proteins is

the chromophore, 11-cis-retinaldehyde (11cRAL), which is cova-

lently coupled to a Lys residue as a protonated Schiff base. Ab-

sorption of a photon by an opsin pigment isomerizes the 11cRAL

to all-trans-retinaldehyde (atRAL), which activates the pigment

and thereby visual transduction. After a brief period of activation,

the pigment decays, or bleaches, to yield unliganded (apo-)

opsin and free atRAL. Light sensitivity is restored to the apo-
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opsin when it combines with another 11cRAL to form a new vi-

sual pigment. Conversion of atRAL to 11cRAL is carried out by

two multi-step enzyme pathways called visual cycles in the cells

of the retinal pigment epithelium (RPE) andMüller glial cells of the

neural retina.

The product of the canonical visual cycle in RPE cells is

11cRAL, which is released into the extracellular space and taken

up by photoreceptors to regenerate rod and cone visual pig-

ments. However, the maximum turnover rate of Rpe65 is much

slower than the estimated rate of visual-pigment photoisomeri-

zation in a daylight-exposed eye.1 To sustain light sensitivity,

the rate of 11cRAL synthesis must keep up with the rate of chro-

mophore consumption. Because vision persists indefinitely un-

der daylight conditions, these findings imply the existence of a

second visual cycle that supports regeneration of cone-opsin

pigments.

Earlier studies provided clues about this cone pathway.

Cones, but not rods, recovered sensitivity following light
ugust 5, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).

mailto:travis@jsei.ucla.edu
https://doi.org/10.1016/j.cub.2024.06.031
http://creativecommons.org/licenses/by-nc/4.0/


ll
OPEN ACCESS

Please cite this article in press as: Kaylor et al., RDH12 allows cone photoreceptors to regenerate opsin visual pigments from a chromophore precursor
to escape competition with rods, Current Biology (2024), https://doi.org/10.1016/j.cub.2024.06.031

Article
exposure in retinas separated from the RPE,2–4 indicating that

all required components of the cone visual cycle are present

within the neural retina. Müller glial cells were shown to be

the likely site of this pathway because multiple retinoid-pro-

cessing proteins are present in Müller cells.5–9 Further, primary

cultured Müller cells took up atROL and released 11cROL in the

culture medium.10 Finally, the treatment of isolated retinas with

the glial toxin, a-aminoadipic acid,11 abolished recovery of

cone sensitivity in isolated retinas.4 All of the retinoid-process-

ing proteins in Müller cells are also present in RPE cells. How-

ever, the three enzymes of the canonical visual cycle (LRAT,

Rpe65, and RDH5), although present in the RPE, are not pre-

sent in Müller glia or any other cells of the neural retina.6,12

Accordingly, by studying retinas separate from the RPE, the

cone visual cycle can be investigated without confounding ac-

tivities of the canonical visual cycle.

Many studies characterizing the visual cycles were per-

formed in mice. However, the mouse is a poor model system

to study cones biochemically because rods comprise �97%

of photoreceptors in mouse retinas, whereas cones comprise

only �3%. Additionally, mice are nocturnal animals that use

cones differently from animals active in daylight. For example,

the ultraviolet (UV)-sensitive cones in the mouse retina

detect shadows, such as those of predators, against the night

sky, dimly lit by scattered UV radiation. These cones function

more as UV-sensitive rods in mice, imposing only a tiny burden

on the visual cycle. The cone visual cycle, which maintains

photosensitivity during exposure to daylight, is therefore

scarcely needed in the mouse retina. Although cones are

diffusely spread throughout the mouse retina, they are concen-

trated in the central human retina. In fact, the fovea at the op-

tical center of the human retina is populated exclusively with

slender cones that operate at high temporal frequency,

enabling us to read fine print and track fast-moving objects in

bright light. To perform these functions, foveal cones require

a rapid resupply of visual chromophore and are therefore

dependent on the cone visual cycle in Müller cells. Given the

high degree of evolutionary conservation of photoreceptors

across vertebrate species,13 we sought a more appropriate

model system to identify an unknown protein in cones. Besides

their genetic tractability, adult zebrafish have cone-dominant

retinas (�60%), are active during daylight, and use their cones

to hunt for food. Zebrafish cones therefore operate under light

conditions similar to cones in humans and other diurnal

species.

The product of the cone visual cycle in Müller cells is the chro-

mophore precursor, 11cROL,10,14,15 which is used by cones to

regenerate cone-opsin pigments.16,17 In contrast, rods require

‘‘completed’’ 11cRAL chromophore to regenerate rhodopsin16,17

and cannot use 11cROL. Because only 11cRAL can combine

with an apo-opsin to form its cognate visual pigment, these obser-

vations suggest that cones contain an enzyme that oxidizes

11cROL to 11cRAL. In this work, we identified an 11cROL-dehy-

drogenase expressed in zebrafish cones. Using genetically modi-

fied zebrafish, we show that this enzyme is required for bleached

cones to recover photosensitivity from 11cROL. Further, we show

that the functional ortholog of ZCRDH in humans is RDH12, the

only closely related protein that possesses 11cROL oxidase ex-

pressed in cone photoreceptors.
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RESULTS

Screen for an 11cROL oxidase in cones
To begin our identification of the cone 11cROL oxidase, we

looked for members of the short-chain dehydrogenase/reduc-

tase (SDR) family that are expressed in zebrafish cones. We

began by searching a previously published single-cell RNA

sequencing (scRNA-seq) dataset from normal adult zebrafish

retinas18 for mRNAs present in the cone cell clusters but reduced

or absent from rod-cell clusters. These clusters includedmRNAs

for multiple known cone-specific proteins, such as M-cone

opsin, G protein a-transducin 2, and cone arrestin. The set of

cone-enriched zebrafish mRNAs also included two predicted

protein products of the uncharacterized genes, zgc:153441

and si:dkey-23o4.6. Both exhibited features of the known

retinol dehydrogenases (RDHs), including the catalytic tetrad

and NAD(P)(H) cofactor-binding motif (GxxxGxG).19 A genome

duplication event occurred early in the teleost lineage,

giving rise to paired ohnologs of many zebrafish genes.20 At

68% identity, these predicted RDHs with cone-enriched

expression were more similar to one another than to other

proteins in the zebrafish database, suggesting that they are

ohnologs. We provisionally named the protein encoded by

zgc:153441 (GenBank: NP_001038920.1) ‘‘zebrafish cone

RDH’’ (ZCRDH) and the presumptive ohnolog encoded by

si:dkey-23o4.6 (GenBank: XP_021328703.1) ‘‘zebrafish cone

RDH-like’’ (ZCRDH-L) (Figure S1).

Characterization of the Zcrdh-mutant zebrafish line
We acquired from Zebrafish International Resource Center

(ZIRC), a zebrafish line with an A / G mutation in the highly

conserved splice-acceptor site at the beginning of exon 6 within

the Zcrdh gene. To define the effect of this mutation on the

ZCRDH protein, we isolated mRNA from wild-type and Zcrdh-

mutant zebrafish eyes and converted it to cDNA. We made

primers for PCR from within exon 5 and the 30 untranslated re-

gion of Zcrdh. The amplification product from Zcrdh-mutant ze-

brafish eyes was 15 nucleotides shorter than from wild-type ze-

brafish eyes. Sequence analysis showed that the protein product

of the Zcrdh-mutant gene is missing five residues encoded by

the 50 end of exon 6. The deletion in ZCRDH resulting from the

splice-site mutation is downstream of the N-terminal transmem-

brane a helix, the dinucleotide-binding site, and the catalytic

tetrad motif19 of ZCRDH.

To determine whether this deletion affected the stability of

ZCRDH, we prepared a polyclonal Ab against a synthetic pep-

tide (VLQLWDELKSNRLAKY) from near the N terminus of the

predicted ZCRDH protein. This sequence is completely absent

in ZCRDH-L, suggesting no cross reactivity of the anti-ZCRDH

Ab with ZCRDH-L (Figure S2). We tested the Ab by immunoblot-

ting protein homogenates from wild-type (AB strain) and Zcrdh-

mutant zebrafish eyes and from HEK293T cells transfected with

an expression plasmid containing the normal Zcrdh coding re-

gion. The antibody detected a protein band near the predicted

size (37 kDa) in homogenates from wild-type zebrafish eyes. A

faint band of the same size is visible in the lane containing ho-

mogenates from Zcrdh-mutant eyes (Figure 1A), suggesting

that the deleted ZCRDH protein has substantially reduced stabil-

ity. The slightly higher molecular mass of ZCRDH in HEK cell



Figure 1. ZCRDH is expressed in zebrafish cone inner segments

An antibody was generated against an N-terminal peptide ZCRDH (product of the zgc:153441 gene) (Figure S2).

(A) The antibody was tested with four different protein homogenates: pcDNA3.1 HEK, HEK293T cells transfected with the non-recombinant expression plasmid,

pcDNA3.1; ZCRDHHEK, HEK293T cells transfected with plasmid containing the ZCRDH coding region; wild-type ZF eyes, whole-eye tissues fromwild-type (AB

strain) zebrafish; and Zcrdh-mutant eyes, whole-eye tissues from Zcrdh-mutant zebrafish. The antibody detected a protein band of the predicted size (�37 kDa)

in retinal homogenates from wild-type and ZCRDH-expressing HEK293T cells. The slightly higher molecular mass of ZCRDH in HEK-cell versus wild-type ze-

brafish retina homogenates is due to the presence of a FLAG epitope tag at the C terminus of recombinant ZCRDH. The same blot was re-probedwith an antibody

against b-tubulin as a protein loading control, shown below the ZCRDH immunoblot. A similar blot was probed with the ZCRDH antibody after preincubation with

the immunizing peptide. Note the absence of signal in this control for Ab specificity.

(B) Immunohistochemistry performed on adult wild-type zebrafish retinal sections using ZCRDH Ab (red), peanut agglutinin (PNA) lectin to label the sheath

surrounding cone outer segments (green), and the nuclear stain 40,6-diamidino-2-phenylindole DAPI (blue). Scale bar, 20 mm. ZCRDH immunoreactivity is

strongly present in cone inner segments.

(C) Immunocytochemistry performed on adult Zcrdh-mutant retinal sections using the same ZCRDH Ab, PNA, and DAPI labels as in (B). The region labeled ‘‘rod

and cone IS and OS’’ corresponds to the region of rod and cone photoreceptor inner and outer segments, respectively. The region labeled ‘‘ONL’’ corresponds to

the outer nuclear layer containing rod and cone photoreceptor nuclei. Scale bar, 20 mm.Note the greatly reduced labeling of cone inner segments inZcrdh-mutant

versus wild-type zebrafish retinas.

See also Figure S2.
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versus wild-type zebrafish-eye homogenates (Figure 1A) is due

to the presence of a FLAG epitope tag at the C terminus of re-

combinant ZCRDH.

We used the same anti-ZCRDH Ab for confocal immunocyto-

chemistry of wild-type and Zcrdh-mutant zebrafish retina sec-

tions (Figures 1B and 1C). In addition, we reacted these retinal

sections with DAPI to identify cell nuclei and peanut agglutinin

(PNA) to label the matrix sheath surrounding cone OSs.

ZCRDH immunoreactivity was strong in the inner segments of

UV-, short-wavelength (S-), middle-wavelength (M-), and long-

wavelength (L-) cones from wild-type zebrafish (Figure 1B). We

also observed weak ZCRDH labeling of rod inner segments

and no labeling of rod or cone OSs. The distribution of ZCRDH

immunoreactivity in cone inner segments and RPE cells is

consistent with the scRNA-seq data showing enriched expres-

sion of Zcrdh in cone and RPE cell clusters18 (Figure S1). In

contrast, immunocytochemistry with the same Ab on Zcrdh-

mutant retina sections showed greatly reduced ZCRDH immu-

noreactivity with a similar cellular distribution. Together, the

above observations suggest that the Zcrdh mutation is a severe

hypomorph or a null.

Histology of wild-type and Zcrdh-mutant zebrafish
retinas
To test for photoreceptor degeneration or other structural abnor-

malities in retinas due to the Zcrdh mutation, we performed his-

tological analysis of retinal sections from 6-month-old wild-type

and Zcrdh-mutant zebrafish. Total retina thickness was similar in

fish of the two genotypes (Figures 2A and 2B). The number of rod
and cone photoreceptor nuclei were also similar. We observed

no significant differences in thickness of the OS layer, the outer

nuclear layer (ONL), the inner nuclear layer (INL), the inner plex-

iform layer (IPL), or the ganglion cell layer (GCL) (Figures 2A and

2B). These findings suggest no photoreceptor degeneration or

other morphological changes caused by the Zcrdh mutation in

zebrafish up to 6 months of age.

Retinoid dynamics in the retinas of wild-type and Zcrdh-

mutant zebrafish
To study the function of ZCRDH in vivo, we dark-adapted adult

(5-month-old) wild-type (AB strain) and Zcrdh-mutant zebrafish

overnight. We euthanized one group of both zebrafish lines,

removed the eyes, prepared homogenates from the retinas

and RPE, and extracted these homogenates for retinoid analysis

by normal-phase high-performance liquid chromatography

(HPLC). The remaining fish were exposed to 10 flashes from a

strobe in a Ganzfeld integrating sphere that was estimated to

bleach �50% of visual pigments. Groups of fish from both lines

were immediately euthanized, their eyes were collected, and

individually homogenized for retinoid extraction and analysis.

The remaining live fish were transferred to darkness. At 5, 30,

and 60 min of post-bleach recovery in the dark, groups of

fish from both lines were euthanized, their eyes collected, and

homogenized for retinoid quantification. Data for 11cRAL,

11cROL, and 11-cis-retinyl palmitate (11cRP) are shown in

Figures 3A–3C. Levels of 11cRAL were lower in Zcrdh-mutant

versus wild-type retinas in the dark-adapted state and at 30

and 60 min post-bleach recovery (Figure 3A). This observation
Current Biology 34, 1–12, August 5, 2024 3



Figure 2. Histological analysis of retina

sections from wild-type and Zcrdh-mutant

zebrafish

Histologic sections from 6-month-old wild-type

(A) and Zcrdh-mutant (B) zebrafish retinas. Sec-

tions were stained with 1% toluidine blue and 1%

sodium borate and photographed with a 203

objective. Retina layers are identified to the right of

(B). RPE, retinal pigment epithelium; rod and cone

OS, IS, and ONL, rod and cone outer segments,

inner segments, and outer nuclear layer (contain-

ing rod and cone photoreceptor nuclei); OPL,

outer plexiform layer; INL, inner nuclear layer; IPL,

inner plexiform layer; GCL, ganglion cell layer.

Note the similar number of photoreceptor nuclei

and similar thickness of retinal layers in wild-type

and Zcrdh-mutant retinas.
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suggests that loss of ZCRDH from zebrafish retinas causes

reduced dark-adapted levels and delayed recovery of 11cRAL

after a photobleach. Adult zebrafish retinas contain�60%cones

and �40% rods. If we assume that loss of ZCRDH only affects

chromophore regeneration in cones, the observed effect on total

11cRAL measured here reflects a nearly 2-fold underestimate of

the actual effect on 11cRAL levels in Zcrdh-mutant cones. In

contrast, levels of 11cROL were elevated in Zcrdh-mutant

versus wild-type retinas in the dark-adapted state and early

post-bleach (Figure 3B). We also observed dramatically higher

levels of 11cRP, an insoluble storage form of 11cROL, in

Zcrdh-mutant versus wild-type retinas under all conditions of

light exposure (Figure 3C). Given that excess 11cROL is stored

as 11cRP, levels of 11cRP are a useful surrogate for unused

11cROL. The observed higher levels of 11cROL and 11cRP in

Zcrdh-mutant retinas suggests reduced utilization of 11cROL

due to loss of 11cROL-oxidase activity in cone inner segments.

These differences in retinoid dynamics between wild-type and

Zcrdh-mutant eyes support the suggestion that ZCRDH func-

tions as an 11cROL-oxidase in cone inner segments.

Microspectrophotometry
We usedmicrospectrophotometry (MSP) of single, isolated pho-

toreceptors to assess the capacity of wild-type and Zcrdh-

mutant zebrafish cones to regenerate visual pigments from

11cROL. We adopted an approach similar to that used previ-

ously in tiger-salamander retina.16,17 In brief, we isolated the

retina and dispersed single cells onto coverslips in our recording

chamber. We measured visible absorption spectra from individ-

ual M-cone, L-cone, and rod outer segments under four condi-

tions: (1) dark-adapted, (2) after an �90% photobleach, (3) after

an �90% photobleach followed by incubation with 15 mM

11cROL, and (4) after an�90%photobleach followed by incuba-

tion with 15 mM 11cRAL (Figure 4). The top row (Figures 4A–4C)

shows spectrophotometric data from wild-type (AB strain) ze-

brafish, whereas the bottom row (Figures 4D–4F) shows data

from Zcrdh-mutant zebrafish. Following the photobleach, wild-

type M and L cones regenerated their respective opsin pigments

from added 11cROL (Figures 4A and 4B), whereas no rhodopsin

regeneration from 11cROL was observed in bleached rods (Fig-

ure 4C). In Zcrdh-mutant retinas, however, no regeneration of

opsin pigments was observed in photobleached M or L cones

from added 11cROL (Figures 4D and 4E). Similar to wild-type
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rods, no regeneration of rhodopsin was observed in Zcrdh-

mutant rods from 11cROL (Figure 4F). Instead, all Zcrdh-mutant

photoreceptors remained bleached until the termination of

the experiment. As a positive control, we incubated Zcrdh-

mutant M cones, L cones, and rods with 11cRAL following the

90% photobleach. Here, we observed regeneration of all visual

pigments to dark-adapted levels (Figures 4D–4F). These findings

indicate that ZCRDH facilitates the conversion of 11cROL to

11cRAL for regeneration of opsin pigments in M and L cones.

Loss of ZCRDH eliminates 11cROL-dependent regeneration of

M-opsin and L-opsin in zebrafish cones, which defines the role

of the cone 11cROL-oxidase.

Mammalian ortholog of ZCRDH
To identify the human ortholog of ZCRDH, we performed BLAST

analysis using the amino acid sequence of zebrafish ZCRDH to

probe the human protein database. The top seven human pro-

teins most closely related to ZCRDH in order of increasing sim-

ilarity were RDH10, RDH8, DHRS3, RDH14, RDH11, RDH13,

and RDH12 (Table S1). Similarly, when we used ZCRDH-L to

probe the human protein database, RDH12 was again the

most similar at 56% amino acid identity. We performed a recip-

rocal BLAST search using human RDH12 to query the zebrafish

protein database. The two most similar zebrafish proteins to hu-

man RDH12 are zebrafish RDH12 and RDH12-L, with ZCRDH at

lower identity and similarity (Table S2). Three hypothetical zebra-

fish proteins, encoded by the genes si:dkey-73n8.3, si:dkey-

94e7.2, and zgc:112332, were also detected in a BLAST search

of the zebrafish protein database queried by human RDH12

(Table S2). We compared the dinucleotide-binding sites and cat-

alytic tetrad motifs in the human proteins similar to ZCRDH and

the zebrafish proteins similar to human RDH12. The dinucleo-

tide-binding sites and catalytic tetrad motifs were absolutely

conserved between zebrafish ZCRDH, human RDH11, RDH12,

RDH13, and RDH14. Similarly, the dinucleotide-binding sites

and catalytic tetrad motifs were absolutely conserved between

human RDH12, zebrafish RDH12-L, zebrafish ZCRDH, and the

three hypothetical zebrafish proteins similar to human RDH12.

Identifying the mammalian ortholog of ZCRDH based on

sequence comparisons is complicated by the presence of multi-

ple, highly conserved SDR proteins in zebrafish and humans and

by the large evolutionary distance (�400 Ma) that separates tel-

eosts from mammals. Here, the similarity of orthologs arising



Figure 3. Retinoid profiles of Zcrdh-mutant and wild-type zebrafish eyes under different light-exposure conditions

Whole-eye retinoid profiles of age-matched Zcrdh-mutant (red) and AB wild-type (blue) adult zebrafish (5 months old) under different light-exposure conditions:

DA, overnight dark-adapted; bleached, immediately following an�50% photobleach; bleach + 5, 30, or 60 min DA, bleached followed by the indicated period of

recovery in the dark.

(A) 11cRAL chromophore levels in the eyes of wild-type or Zcrdh-mutant zebrafish after indicated light exposures.

(B) 11cROL levels in the eyes of wild-type or Zcrdh-mutant zebrafish after indicated light exposures.

(C) 11cRP levels in the eyes of wild-type or Zcrdh-mutant zebrafish after indicated light exposures. Error bars show standard deviation of the mean for four

replicates (n = 4).
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through speciation is obscured by the greater similarity of

paralogs that arose through gene duplication. Sequence anal-

ysis suggests four candidates for the mammalian ortholog of

ZCRDH in order of similarity: RDH12, RDH13, RDH11, and

RDH14 (Table S1).

Expression of mRNAs related to ZCRDH in zebrafish and
mammalian retinas
An absolute requirement of the cone 11cROL oxidase is that it

be expressed in cones. Accordingly, we analyzed the expression

of human Rdh12-paralogous mRNAs in zebrafish retinas

by scRNA-seq analysis.18 In zebrafish retinas, the Zcrdh and

Zcrdh-L mRNAs are both expressed predominantly in cone cell

clusters, with an additional expression of Zcrdh in RPE cells (Fig-

ure S1). Importantly, neitherRdh12, Rdh12-L, nor mRNAs for the

three hypothetical zebrafish proteins similar to human RDH12

(si:dkey-73n8.3, si:dkey-94e7.2, and zgc:112332) showed signif-

icant expression in cones (Figure S1). We also analyzed the

expression of Zcrdh paralogs in human retinas by scRNA-seq

analysis.21 In human retinas, the Rdh12 and Rdh8 mRNAs

were abundantly expressed in cone and rod-cell clusters,

whereas the Rdh10, Rdh11, Rdh13, Rdh14, and Dhrxs mRNAs

were present at reduced levels in cones and rods (Figure S3).

The presence of RDH8 in rods and cones makes sense because

this protein is responsible for reduction of atRAL released from
bleached visual pigments in rod and cone OSs.22 Because

RDH8 is not present in rod or cone inner segments, it is unlikely

to serve as the mammalian cone 11cROL oxidase. These

scRNA-seq results are most consistent with RDH12 serving as

the mammalian cone 11cROL oxidase but do not rule out the re-

maining human RDH candidates.

11cROL-oxidase activity of ZCRDH and related
mammalian proteins
Because the utilization of 11cROL to regenerate cone visual pig-

ments requires 11cROL-oxidase activity, we transfected plas-

mids containing the coding regions of mammalian RDH11,

RDH12, RDH13, RDH14, or zebrafish ZCRDH into HEK293T

cells. Homogenates from these cells were used as enzyme sour-

ces in assays to measure nicotinamide adenine dinucleotide

phosphate (NADP)+-dependent conversion of 11cROL to

11cRAL. Similar rates of 11cRAL formation were observed with

cell homogenates containing ZCRDH and RDH12, whereas no

11cRAL was produced by homogenates containing RDH11,

RDH13, or RDH14 or non-recombinant pcDNA3.1 (Figure 5A).

Additionally, we transfected plasmids containing the coding re-

gions for zebrafish ZCRDH-L, RDH12, and RDH12-L, plus carp

ZCRDH and RDH13-L into HEK293T cells. Homogenates

from these cells were likewise used as enzyme sources in

assays to measure conversion of 11cROL to 11cRAL. Zebrafish
Current Biology 34, 1–12, August 5, 2024 5



Figure 4. Absent regeneration of cone visual pigments in Zcrdh-mutant retinal explants following a photobleach and treatment with 11cROL

chromophore precursor

Absorbance spectra of wild-type and Zcrdh-mutant zebrafish photoreceptors.

(A) Average absorbance spectra from wild-type zebrafish M cones. The mean peak optical densities (± SEM) were ODDA = 0.024 ± 0.0025, ODbleach = 0.0036 ±

0.0033, and OD11cROL = 0.018 ± 0.0043.

(B) Average absorbance spectra fromwild-type zebrafish L cones. Themean peak optical densities were ODDA = 0.030 ± 0.0043, ODbleach = 0.0091 ± 0.0041, and

OD11cROL = 0.021 ± 0.0039.

(C) Average absorbance spectra from wild-type zebrafish rods. The mean peak optical densities were ODDA = 0.044 ± 0.0050, ODbleach = 0.0076 ± 0.0031, and

OD11cROL = 0.0060 ± 0.0019.

(D) Average absorbance spectra from Zcrdh-mutant zebrafish M cones. The mean peak optical densities were ODDA = 0.021 ± 0.0040, ODbleach = 0.0023 ±

0.0099, OD11cROL = 0.0059 ± 0.0038, and OD11cRAL = 0.017 ± 0.0028.

(E) Average absorbance spectra from Zcrdh-mutant zebrafish L cones. Themean peak optical densities were ODDA = 0.018 ± 0.0037, ODbleach = 0.0033 ± 0.0070,

OD11cROL = 0.0052 ± 0.0035, and OD11cRAL = 0.021 ± 0.0017.

(F) Average absorbance spectra from Zcrdh-mutant zebrafish rods. The mean peak optical densities were ODDA = 0.029 ± 0.0028, ODbleach = 0.0020 ± 0.0028,

OD11cROL = 0.0050 ± 0.0024, and OD11cRAL = 0.023 ± 0.0020. Data from dark-adapted and regenerated cells are fitted with A1 nomograms with the following

parameters:WT DAM-cone, lmax = 492 nm, ODpeak = 0.025;WT 11cROLM-cone, lmax = 500 nm, ODpeak = 0.017; WTDA L-cone, lmax = 555 nm, ODpeak = 0.033;

WT 11cROL L-cone, lmax = 547 nm,ODpeak = 0.024;WTDA rod, lmax = 498 nm, ODpeak = 0.047; Zcrdh-mutant DAM-cone, lmax = 502 nm,ODpeak = 0.018; Zcrdh-

mutant 11cRALM-cone, lmax = 491 nm, ODpeak = 0.021; Zcrdh-mutant DA L-cone, lmax = 554 nm, ODpeak = 0.022; Zcrdh-mutant 11cRAL L-cone, lmax = 551 nm,

ODpeak = 0.023; Zcrdh-mutant DA rod, lmax = 507 nm, ODpeak = 0.027; Zcrdh-mutant 11cRAL rod, lmax = 510 nm, ODpeak = 0.022.
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ZCRDH-L and carp ZCRDH possessed high 11cROL oxidase

activities (Figure 5B), similar to zebrafish ZCRDH and human

RDH12 (Figure 5A). Importantly, zebrafish RDH12 and

RDH12-L exhibited no 11cROL-oxidase activities (Figure 5B).

The coding region for each enzyme included a C-terminal

FLAG epitope tag, which allowed us to compare directly levels

of each expressed protein in the homogenates. Immunoblot

analysis of these homogenates with an anti-FLAG antibody

showed similar levels of each enzyme protein in the assay mix-

tures (Figure 5C). Accordingly, the absence of 11cROL-oxidase

activity in HEK homogenates expressing humanRDH11, RDH13,

and RDH14 plus zebrafish RDH12 andRDH12-L is not due to low

expression of these proteins in HEK cells but instead because of

their very low intrinsic 11cROL-oxidase activities. These results

exclude human RDH11, RDH13, and RDH14 as candidates for
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the cone 11cROL oxidase and suggest that RDH12 is the func-

tional ortholog in mammals of zebrafish ZCRDH. Interestingly,

zebrafish RDH12 and RDH12-L, despite their similarity to human

RDH12 (Table S2), exhibited no 11cROL-oxidase activity.

11cROL-oxidase kinetics of ZCRDH and RDH12
To corroborate further the functional similarity of ZCRDH and

human RDH12, we performed Michaelis-Menton analysis of

ZCRDH and RDH12 in the relevant 11cROL-oxidase direction.

Here, again, the activities were remarkably similar, with KMs of

0.78 and 0.69 mM 11cROL, respectively (Figures 5D and 5E).

Moreover, because the levels of ZCRDH and RDH12 protein

were comparable in HEK293T cells (Figure 5C), the Vmax values

can be meaningfully compared at 16.1 and 13.1 pmol/mg/min,

respectively (Figures 5D and 5E). The close agreement between



Figure 5. 11cROL-oxidase activity of ZCRDH and various mammalian RDH candidates for the cone 11cROL-oxidase and substrate kinetics

for ZCRDH and RDH12

HEK293T cells were transfected with non-recombinant pcDNA3.1 or the same plasmid containing the coding regions for the indicated proteins. All clones were

made with a C-terminal FLAG tag. Assays were carried out using homogenate of the transfected cells as an enzyme source with 2 mM 11cROL and 1mMNADP+

cofactor for 1 min at 37�C with gentle agitation.

(A) 11cROL-oxidase activities (11cRAL synthesis): zf-ZCRDH, zebrafish ZCRDH; hum-RDH11, human RDH11; humRDH12, human RDH12; hum-RDH13, human

RDH13; and mus-RDH14, mouse RDH14.

(B) 11cROL-oxidase activities: zf-ZCRDH-L, zebrafish ZCRDH-like; zf-RDH12, predicted zebrafish RDH12; zf-RDH12-L, predicted zebrafish RDH12-like; carp

ZCRDH, carp ZCRDH; and carp RDH13-L, carp RDH13-like.

(C) Immunoblots containing equal protein amounts of HEK293T cell homogenates transfected with the indicated plasmids and reacted with an anti-FLAG

antibody. Note the similar intensities of immunoreactive bands containing the different proteins. The same blot was re-probed with an antibody against b-tubulin

as a protein loading control, shown below the anti-FLAG immunoblot.

(D and E) (D) Michaelis-Menton analysis of 11cROL oxidation of ZCRDH and (E) human RDH12 using the indicated 11cROL concentrations and 1mMNADP+. The

assay conditions for kinetic analysis are as described in this figure. Calculated KM and Vmax values are shown. Error bars show standard deviation of the mean for

three replicates (n = 3).

See also Figures S1 and S3 and Tables S1 and S2.
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these kinetic parameters is further evidence that ZCRDH and

RDH12 are functionally orthologous 11cROL oxidases.

Redox-coupled 11cROL oxidation and atRAL reduction
of ZCRDH and RDH12
Several years ago, Sato et al. described an enzyme activity in

cone inner segments of carp that catalyzes the simultaneous

oxidation of 11cROL to 11cRAL and reduction of atRAL to

atROL.23 The carp protein responsible for this activity was tenta-

tively identified as RDH13-L, which is orthologous to RDH14

in mammals.24 We acquired cDNAs for carp ZCRDH and
RDH13-L, which we expressed in HEK293T cells. We assayed

homogenates of these cells for 11cROL-oxidase activities.

CarpZCRDHexhibited high 11cROL-oxidase activity (Figure 5B),

similar to zebrafish ZCRDH and human RDH12 (Figure 5A),

whereas carp RDH13-L had lower activity (Figure 5B), and

mouse RDH14 had no detectable activity (Figure 5A). These find-

ings rule against RDH14 as the cone 11cROL oxidase in

mammals.

To test for redox coupling, we prepared homogenates of

HEK293T cells transfected with plasmids containing the zebra-

fish ZCRDH or the human RDH12 cDNAs. These were used as
Current Biology 34, 1–12, August 5, 2024 7



Figure 6. Comparison of redox-coupled

catalytic activities of ZCRDH and human

RDH12

(A) 11cRAL synthesis by ZCRDH and human

RDH12 in enzyme assays containing 5 mM of the

indicated substrate(s) and no added dinucleotide

cofactor.

(B) atROL synthesis by ZCRDHand human RDH12

containing 5 mM of the indicated substrate(s) and

no added NADP(H) cofactor. Error bars at each

concentration show standard deviation of the

mean for three replicates (n = 3).

Datasets were analyzed by one-way ANOVA fol-

lowed by Student-Newman-Keuls t test to test for

significance between different test groups. *p %

0.05; **p % 0.01; ***p % 0.001. Test group com-

parisons without indicated p values are not sig-

nificant (p > 0.05).
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enzyme sources in reactions containing 11cROL, atRAL, or both,

all without added NADP(H). No 11cRAL synthesis was observed

in negative-control (non-recombinant pcDNA) reactions contain-

ing 11cROL, atRAL, or both (Figure 6A). This observation sug-

gests that HEK293T cells possess no intrinsic 11cROL-oxidase

activity. Reactions containing ZCRDH or RDH12 showed

11cRAL synthesis when 11cROL was present in the mixtures,

but not when atRAL was present alone. Importantly, we

observed increased 11cRAL synthesis with ZCRDH or RDH12

in reactions containing both 11cROL and atRAL versus reactions

containing 11cROL alone (Figure 6A). This observation shows

that both ZCRDH and RDH12 carry out coupled oxidation of

11cROL and reduction of atRAL. In the control reactions contain-

ing non-recombinant plasmid, we observed atROL synthesis in

the presence of 11cROL or 11cROL plus atRAL, with little atROL

synthesis in reactions containing only atRAL (Figure 6B). This

was probably caused by thermal isomerization of 11cROL to

atROL. The increased synthesis of atROL in the presence of

11cROL and atRAL versus 11cROL alone may reflect additional

reduction of atRAL to atROL through redox coupling. This obser-

vation suggests further that HEK293T cells possess an intrinsic

atRAL-reductase activity. When ZCRDH- or RDH12-containing

homogenates were added to the reaction mixtures, we observed

modestly increased atROL production versus similar reactions

without added enzyme. These observations are consistent with

ZCRDH and RDH12 performing coupled oxidation of 11cROL

and reduction of atRAL beyond the background thermal isomer-

ization of 11cROL to atROL. Subtracting background synthesis

of atROL in negative-control reactions containing only pcDNA3.1

plus 11cROL and atRAL substrates (Figure 6B), we observed

similar production of 11cRAL (Figure 6A) and atROL (Figure 6B)

at�34 and�40 pmol/min/mg, respectively, generally consistent

with equimolar reaction products predicted in a redox-coupled

reaction. These results also suggest that other retinol oxidore-

ductases besides RDH13-L,24 ZCRDH, and RDH12 (Figures 6A

and 6B) may display increased turnover in the presence of

both oxidizing and reducing substrates without added NADP(H)

cofactor.
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DISCUSSION

The goal of this study was to identify the protein that allows

cones, but not rods, to regenerate their photobleached visual

pigments using 11cROL released by Müller cells. Our detection

of ZCRDH as this protein is based on the corroboration of several

predictions: (1) the cone 11cROL dehydrogenase should exhibit

cone-enriched expression. The Zcrdh mRNA showed enriched

expression in cone- versus rod-cell clusters by scRNA-seq anal-

ysis18 (Figure S1). By immunocytochemistry, ZCRDH was abun-

dantly present in cone inner segments and present at lower

abundance in rod inner segments (Figures 1B and 1C). (2) Loss

of the cone 11cROL oxidase from mutant zebrafish retinas

should result in decreased 11cRAL, increased 11cROL, and

increased 11cRP due to reduced utilization of 11cROL for chro-

mophore synthesis. These are the findings that we observed in

wild-type versus Zcrdh-mutant retinas during a retinoid dy-

namics experiment involving a photobleach and recovery in the

dark (Figure 3). (3) Loss of the cone 11cROL oxidase frommutant

zebrafish retinas should abolish the capacity of cones to regen-

erate visual pigments from added 11cROL following a photo-

bleach. The capacity of cones to regenerate visual pigments

from added 11cRAL should not be affected. We performed

MSP analysis on isolated M cones, L cones, and rods from

wild-type and Zcrdh-mutant retinas. The findings from this

experiment were exactly as predicted (Figure 4). (4) The candi-

date protein should exhibit 11cROL-oxidase activity. We per-

formed enzyme assays on zebrafish ZCRDH, humanRDH11, hu-

man RDH12, human RDH13, or mouse RDH14 to measure

11cROL-oxidase activity. ZCRDH and RDH12 showed robust

production of 11cRAL, whereas the other proteins in this group

showed no 11cROL-oxidase activity (Figure 5A). Together, these

observations establish that ZCRDH is the cone 11cROL dehy-

drogenase in zebrafish that allows cones, but not rods, to regen-

erate their opsin visual pigments from exogenous 11cROL after a

photobleach.

We identified RDH12 as the mammalian counterpart of

ZCRDH based on several observations. First, the primary



Figure 7. Proposed model for the photic cone visual cycle in Müller

glial cells and cone photoreceptors

Absorption of a photon (hv) by a cone-opsin pigment isomerizes the 11cRAL to

atRAL, activating visual transduction. Shortly afterward, atRAL dissociates

from the opsin, is reduced to atROL by RDH12, and is released into the

extracellular space for recycling. The atROL is taken up by the Müller cell

where it is re-oxidized by RDH10 to atRAL, which binds covalently to apo-RGR

opsin. Absorption of a photon by RGR opsin isomerizes atRAL to 11cRAL.30

The 11cRAL is reduced, again by RDH10, to 11cROL, which is released by

Müller cells into the extracellular space.15 Finally, the 11cROL is taken up by

the cone photoreceptor where it is oxidized by RDH12 to 11cRAL, which

combines with cone apo-opsin to form a new cone visual pigment. Because

only cones can utilize 11cROL to regenerate their visual pigments, the visual

cycle in Müller cells helps cones avoid competition with rods for chromophore

under bright-light conditions.

ll
OPEN ACCESS

Please cite this article in press as: Kaylor et al., RDH12 allows cone photoreceptors to regenerate opsin visual pigments from a chromophore precursor
to escape competition with rods, Current Biology (2024), https://doi.org/10.1016/j.cub.2024.06.031

Article
sequence of human RDH12 is most similar to that of ZCRDH

(Table S1). In common with ZCRDH (Figure 1B), RDH12 is abun-

dantly present in cone inner segments.25 A role for mammalian

RDH12 as an 11cROL oxidase that provides 11cRAL to cones

was proposed by Haeseleer et al.8 Importantly, RDH12 is the

only candidate protein possessing 11cROL-oxidase activity (Fig-

ure 5A). In contrast, the other candidate proteins, RDH11,

RDH13, and RDH14, possessed no 11cROL oxidase activity

(Figure 5A). Further, the kinetic parameters, Vmax and KM, for

11cROL-oxidase activity were remarkably similar for ZCRDH

and human RDH12 (Figures 5D and 5E) expressed at similar

levels in HEK293T cells (Figure 5C).

The presence of ZCRDH and RDH12 in the inner segments of

both rods and cones raises the question of how cones, but not

rods, are able to regenerate visual pigments from 11cROL.

Following photoactivation, the much higher rates of visual-

pigment decay (release of atRAL) and reduction of atRAL to

atROL in cones versus rods provides a clue. For example, the

time constant for decay of salamander red-cone opsin is

70-fold faster than for decay of rhodopsin, whereas the time con-

stant for atRAL reduction in red cones is 38-fold faster than in

rods.26 Two enzymes catalyze reduction of atRAL to atROL in

photoreceptors: RDH8 is in the OSs of rods and cones,22

whereas RDH12 is in the inner segments.25 In rods, the prepon-

derance of atRAL produced by photobleaching of rhodopsin is

reduced in OSs by RDH8, whereas in cones, atRAL produced

by photobleaching of cone opsins takes place in both inner

and OSs by RDH8 and RDH12, respectively.27 NADP+, the

oxidizing cofactor used by RDH12 to convert 11cROL to

11cRAL (Figure 5A), is generated fromNADPH through reduction

of atRAL. In accordance with the above observations, NADP+ is
produced at much higher rates in cone versus rod inner seg-

ments during light exposure. Most cells contain a large excess

of NADPH over NADP+; hence, the availability of NADP+ is rate

limiting. The greater availability of NADP+ in cone versus rod in-

ner segments may explain why cones, but not rods, are able to

regenerate their visual pigments from 11cROL when the inner

segments of both cell types express RDH12. Further, the

redox-coupling mechanism discussed above would not permit

RDH12 in rod inner segments to oxidize significant 11cROL,

because atRAL produced following photoactivation of rhodopsin

is mainly reduced to atROL by RDH8 in OSs and hence is unavai-

lable to serve as an electron acceptor for 11cROL oxidation by

RDH12 in rods.

Our model for the cone visual cycle is shown in Figure 7. Ab-

sorption of a photon by an opsin visual pigment in a cone OS

isomerizes the 11cRAL chromophore to atRAL, activating the

pigment and hence visual transduction. Shortly afterward, the

pigment decays to yield free atRAL and apo-opsin, which is

insensitive to light. The atRAL is reduced by ZCRDH/RDH12 to

atROL, which is released into the confined extracellular space

defined by the cone inner segment and Müller cell apical pro-

cesses.28,29 Within Müller cells, the atROL is oxidized by

RDH10 to atRAL, which combines with apo-RGR-opsin to form

holo-RGR in Müller-cell internal membranes.9 In contrast to the

visual opsins in photoreceptors, RGR opsin covalently binds

atRAL in the dark, which it isomerizes to 11cRAL upon absorp-

tion of a photon30 and subsequently dissociates, releasing free

11cRAL.31 RGR opsin was shown to pair functionally with

RDH10 to affect the multi-step, light-dependent conversion of

atROL to 11cROL.15 This activity was observed in cultured

HEK293T cells expressing both RGR opsin and RDH10 and in

retinal fractions from normal but not Rgr�/� mutant mice.15

The 11cROL is released into the extracellular space between

Müller cells and cone inner segments. Finally, the 11cROL is

taken up into the cone inner segment where it is oxidized by

RDH12 to 11cRAL, which combines with cone apo-opsin to

form a new cone-opsin visual pigment. Photic synthesis of chro-

mophore for cone visual pigments offers important advantages

over thermal regeneration of rhodopsin by the canonical visual

cycle in RPE cells. With photic regeneration, the rate of chromo-

phore synthesis scales directly with light intensity, whereas

metabolic regeneration is limited by the slow turnover rate of

Rpe65.1 Also, photic regeneration uses light as an energy

source, whereas metabolic regeneration involves consumption

of an activated fatty acid (+7.5 kcal/mol) for each photon ab-

sorbed. Another feature of the cone visual cycle is that it involves

two simultaneous redox reactions of retinol and retinaldehyde,

each carried out by a single enzyme; RDH12 affects reduction

of atRAL and oxidation of 11cROL in cone inner segments,

whereas RDH10 affects oxidation of atROL and reduction of

11cRAL in Müller cells (Figure 7). These paired reactions provide

self-renewing supplies of dinucleotide cofactor in cone inner

segments and Müller cells, further avoiding the need for input

of metabolic energy to synthesize NADPH. Instead, the six reac-

tions of this pathway are powered by light through ‘‘forward’’

photoisomerization of cone opsin and ‘‘reverse’’ photoisomeri-

zation of RGR opsin.

How do cones benefit from the capacity to regenerate their

visual pigments from 11cROL? The retinas of many mammals
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contain a large preponderance of rods over cones (�20:1 in

humans). Further, the rod photoresponse saturates when

exposed to moderately bright light (�1,000 rhodopsin photoi-

somerizations per second32) with little recovery even after

long light exposures,33 whereas cones remain responsive to

bright light under background illumination causing greater

than 106 photoisomerizations per second.34,35 Importantly,

saturated rods continue churning through chromophore in

bright light despite contributing nothing to useful vision. Hence,

in a daylight-illuminated retina, cones face arduous competition

from rods for the limited supply of chromophore. By taking up

11cROL and converting it ‘‘in-house’’ to 11cRAL, cones escape

competition from rods. In fact, this arrangement obliges rods to

help regenerate cone visual pigments, because atROL released

by photobleached rods is taken up by Müller cells, in addition

to RPE cells, and converted to 11cROL for uptake by cones,

but not rods. The cone visual cycle can thus be understood

as a ‘‘private pipeline’’ of chromophore precursor to cones.

The capacity of cone photoreceptors to regenerate their photo-

bleached visual pigments using 11cROL is likely critical to the

ability of humans and other diurnal vertebrates to maintain

continuous vision during daylight.

Mutations in the human Rdh12 gene cause a rapidly progres-

sive retinal dystrophy called Leber congenital amaurosis (LCA),

which begins during infancy and leads to severe visual loss by

adulthood.36 LCA accounts for 5% of all inherited retinal dystro-

phies and is responsible for 20% of legal blindness in children.

Approximately 10% of LCA cases are caused by mutations in

Rdh12. Rdh12-mediated LCA was thought to result from loss

of RDH12-reductase activity, which eliminates retinaldehyde

and other toxic aldehydes from photoreceptor inner segments.37

However, patients with LCA caused by Rdh12 mutations were

found to exhibit severe central-retinal abnormalities with relative

sparing of rod function.38 Further, LCA-associated mutations in

Rdh12 cause decreased 11cRAL synthesis due to disruption of

the visual cycle.39 As shown here, loss of ZCRDH in mutant ze-

brafish retinas also resulted in decreased synthesis of 11cRAL-

chromophore (Figure 3A). Together, these results suggest that

loss of the 11cROL-oxidase activity in cones plays a role in the

etiology of Rdh12-mediated LCA. Our finding that RDH12 is

the likely cone 11cROL-oxidase in humans may lead to new un-

derstanding into the cause of this severe retinal dystrophy of

children.
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RStudio (2023.03.1 Build 446) (scRNA-seq

data analysis)
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rstudio/

SigmaPlot Version 14 (biochemistry data) Systat Software Inc. https://systatsoftware.com/faq/

LabVIEW 2018 (Custom Written)
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National Instruments https://www.ni.com/en-us/shop/product/

labview.html
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Gabriel H.

Travis (travis@jsei.ucla.edu).

Materials availability
All custom clones and antibodies used in this study will be available upon request from the lead contact.

Data and code availability

d Any additional information required to reanalyze the data reported in this paper are available upon request from the lead con-

tact.

d Raw microscopy data reported in this paper will be available upon request with the lead contact.

d This paper does not report original code.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

All strains used in this study are commercially available from the Zebrafish International Resource Center (ZIRC) at the University of

Oregon as described in the key resources table.

METHOD DETAILS

Zebrafish
Zebrafish strains used in this study were wild-type (AB) and the Zebrafish International Research Center (ZIRC) line for the

zgc:153441 splice mutant. This study was carried out in strict accordance with the recommendations in the Guide for the Care

and Use of Laboratory Animals of the National Institutes of Health and the Association for Research in Vision and Ophthalmology

Statement for the Use of Animals in Ophthalmic and Vision Research. The animal use protocol was approved by the University of

California, Los Angeles Animal Research Committee (Protocol # ARC-2001-061). All efforts were made to minimize discomfort,

distress, pain and injury in zebrafish used in this study. Fish were raised under cyclic light conditions with lights on from 9:00 AM

to 10:00 PM in salt water (Instant Ocean). Zebrafish were fed a standard diet (Golden Pearl Zebrafish Larval Feed and Zeigler Zebra-

fish Adult Diet).

Histology
Eyeswere removed from euthanized, six-months-old wild-type (AB strain) and Zcrdh-mutant zebrafish. After cutting a slit through the

cornea, primary fixation was done by placing the eye in 200 mL of a solution containing 2% paraformaldehyde and 2.5% glutaralde-

hyde dissolved in 0.1 M sodium phosphate buffer. After two hours of gentle nutation, the lens was removed through the corneal flaps

and the eyes were placed in the same fixative solution overnight at 4�C with no agitation. The next morning the eyes were washed

three times with 500 mL of 1x PBS (pH 7.2) solution. The eye was then dissected into hemispheres under a dissection microscope.

Dissected hemisphere sections were treated with 1 mL of 1% osmium tetroxide solution in 0.1 M sodium phosphate buffer for sec-

ondary fixation. The secondary fixative was removed by triplicate washing with 2 mL of 0.1 M sodium phosphate buffer for ten mi-

nutes using gentle rotational agitation. Hemispheres were then dehydrated by gentle rotation in a series of increasing concentrations

of 2mL ethanol dilutions in water (50%, 60%, 70%, 80%, 90%, and 96% for 5minutes followed by 100%ethanol for 10minutes). The

sections were washed three times in 2 mL propylene oxide for 10 minutes per wash. To infiltrate the sections for embedding in aral-

dite, the sections were infused by rotational agitation in the following solution ratios (2mL) for the specified times: 2-parts PO to 1-part

araldite for 60 min; 1-part PO to 1-part araldite for 30 min; 1-part PO to 2-parts araldite overnight. Flat embedding molds were filled

with premixed embeddingmixture (400 mL) and hemisphere sections were oriented for sectioning before baking. Embedding mixture

recipe for 50 mL: combine 27 mL of Araldite 502 resin, 23 mL of dodecyl succinic anhydride (DDSA) and 0.875 mL of 2,4,6-tri(dime-

thylaminomethyl) phenol (DMP-30). Hemispheres were then carefully oriented in the molds containing embedding mixture and were

baked for two days at 60�C allowing them to harden to clarity. Sections (1 mm) were cut along the entire eye hemisphere with an RMC

Boeckeler microtome. The sections were placed on slides and stained with 1% toluidine blue and 1% sodium borate. Imaging of

sections was carried out using a Bico Echo Revolve Microscope using the 20x objective.

Immunoblot analysis
After euthanizing three to six-month-old zebrafish, eyes were removed and homogenized in RIPA buffer with Halt Protease Inhibitor

Cocktail on ice. Protein concentrations were determined using the micro-BCA protein assay according to the manufacturer’s proto-

col. Protein samples were heat-denatured in NuPAGE LDS sample buffer andNuPAGE sample reducing agent and then separated by
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aNuPAGE 12%Bis-Tris gel. Proteins were transferred to an iBlot 2 PVDFmembrane using the iBlot 2 gel transfer device. PVDFmem-

branes were incubated at room temperature in Intercept Blocking Buffer. The blot was blocked in Odyssey blocking buffer and

probed with Rabbit anti-ZCRDH antibody in a 1:500 dilution for Figure 1A, or mouse anti-FLAG in a 1:5,000 dilution for Figure 5C,

followed by an IRDye 800CW donkey anti-rabbit antibody at a 1:15,000 dilution and imaged using an Odyssey CLx Infrared Imaging

System (Li-Cor).

Immunohistochemistry
Enucleated fish eyes were cut across the cornea and fixed in 250 mL 4% paraformaldehyde in 0.1 M phosphate buffer at room tem-

perature for two hours with nutation. The lenswas removed through the cornea flaps and fixation was continued overnight at 4�C. The
eye was rinsed with 0.1M phosphate buffer three times (10min/wash). The anterior portion of the eye was removed to create an open

eyecup. Open eyecups underwent a series of sucrose solution infiltrations: 250 mL of 10% sucrose for one hour followed by 250 mL

30% sucrose for two hours. The eyecup was put in 250 mL of optimal cutting temperature (OCT) compound for one hour. The eyecup

was oriented in a plastic mold filled with OCT compound and frozen for sectioning using liquid nitrogen (stored at -80�C until use). 20-

mM sections were cut on a Thermo Scientific Cryostar NX70 cryostat and mounted on microscope slides.

For antibody labeling, slides were thawed to room temperature and treated with 500 mL 4% paraformaldehyde in 0.1 M phosphate

buffer for 10 mins. Slides were washed three times with 500 mL 10 mM phosphate buffered saline (PBS) for one min. The remaining

paraformaldehyde was quenched by treating the slides with 500 mL of 50mMNH4Cl for 25mins. Slides were rinsed again with 500 mL

of 10 mM PBS as described above. 0.1% Triton X-100 solution was used in two-minute slide rinses (500 mL) three times to permea-

bilize the membranes. The slide sections were blocked with 500 mL of 10 mM PBS containing 5% donkey serum and 1% bovine

serum albumin (BSA) for one hour (blocking buffer solution). Primary antibodies at the dilutions specified below were added to the

slides overnight in blocking buffer (500 mL) at 4�C. Slides were washed three times for two mins with PBST (PBS with 0.1% Tween

20). Secondary antibodies and other conjugated markers in blocking buffer at the dilutions described below were added to the slides

for one hour at room temperature (in the dark). Slides were once again washed with PBST as described above. 10 mL of mounting

media containing DAPI were placed on each individual slide section and a slide cover was gently placed on each slide. Slide covers

were sealed with cover slip sealant. The sealant was allowed to dry for 30 mins and then stored at -20�C. Slide imaging was done on

an Olympus FluoView FV1000 confocal laser-scanning microscope under a 40X oil-immersion objective lens. The primary antibody

used was ZCRDH custom antibody (1:50 dilution). The secondary antibody and conjugatedmarker used were donkey anti-rabbit IgG

with Alexa Fluor 488 (H+L) (1:500 dilution) and peanut agglutinin PNA conjugated with Alexa Fluor 568 (1:50 dilution).

General enzyme assay conditions
All experimental procedures involving retinoids were performed in a darkroom under dim red light. Tissue samples and

cell pellets were flash-frozen and stored at -80�C. Protein samples and solutions were kept on ice until use. Stocks of

11cROL, 11cRAL and atRAL were freshly dissolved in ethanol and stored on ice. 11cROL was made by using sodium

borohydride to reduce 11cRAL. The retinoid stock concentrations were determined via UV-VIS spectroscopy using reported

extinction coefficients (e) for 11cROL (lmax = 319nm, e = 34890 M-1 cm-1), 11cRAL (lmax = 380nm, e = 24935 M-1 cm-1) and atRAL

(lmax = 383nm, e = 42880 M-1 cm-1).40 Protein concentrations were measured using the Micro BCA Protein Assay Kit.

Sample-extraction and normal-phase HPLC analysis of retinoids
Fish were euthanized, whole eyes were removed and rapidly frozen in liquid nitrogen. Frozen eyes were stored at -80�C. Frozen eyes

were thawed on ice and homogenized in glass-glass homogenizers (Wheaton) containing 500 mL of 10mMPBS 7.2 pH. After homog-

enization, retinoid-containing samples were immediately treated with 5% SDS (25 mL) and brine (50 mL). Hydroxylamine hydrochlo-

ride (500 mL of 1.0 M solution) was added along with methanol (2 mL) to quench the reactions. The assaymixture was vortexed briefly

and incubated at room temperature for 15mins to generate retinal oximes for analysis of retinaldehydes. The assaymixture was twice

extracted by adding hexane (2 mL) followed by vortexing and centrifugation at 3000 x g for five mins for phase separation. Hexane

was extracted and added to 13 x 100 mm borosilicated glass test tubes and evaporated to dry under a nitrogen stream. Samples

were then resuspended in 125 mL hexane and analyzed in an Agilent 1100 series chromatograph with a photodiode-array detector

via an Agilent Zorbax RX-SIL column (4.6 mm x 250 mm, 5 mM) using a 0.24%—10% dioxane gradient in hexane at a flow rate of

2.0 mL per min. The eluted peaks were identified by comparison of their elution time and spectrum with authentic retinoid standards.

The retinoids were quantified by comparison of peak areas to calibration curves established with retinoid standards.

Retinoid profiling in wild-type versus Zcrdh-mutant zebrafish retinas
Groups of ABwild-type orZcrdh-mutant adult zebrafish (five-month-old) were dark-adapted overnight. One group of fishwere kept in

the dark until euthanasia, followed by enucleation of both eyes and flash freezing in liquid nitrogen. The remaining groups of fish were

exposed to 10 flashes from a Novatron 2100C lamp (400-nm cutoff filter) attached to a Novatron D1500 to yield an �50% photo-

bleach. One group of these fish were euthanized immediately, the remaining groups were transferred to darkness where they

were allowed to recover for five, 30, or 60 minutes before euthanizing and enucleating the eyes. The frozen eyeballs were thawed

over ice and homogenized in glass-glass homogenizers (Wheaton) containing 500 mL of 10 mM PBS 7.2 pH. Samples were analyzed

for retinoid content as described above.
e4 Current Biology 34, 1–12.e1–e6, August 5, 2024



ll
OPEN ACCESS

Please cite this article in press as: Kaylor et al., RDH12 allows cone photoreceptors to regenerate opsin visual pigments from a chromophore precursor
to escape competition with rods, Current Biology (2024), https://doi.org/10.1016/j.cub.2024.06.031

Article
11cROL-oxidase activities of ZCRDH and related RDH’s
Coding regions for zebrafish ZCRDH, zebrafish ZCRDH-L, zebrafish RDH12, zebrafish RDH12-L, human RDH11, human RDH12, hu-

man RDH13, mouse RDH14, carp ZCRDH and carp RDH13-L were subcloned into the mammalian expression plasmid, pcDNA3.1.

These plasmids, plus non-recombinant pcDNA3.1, were transfected separately into HEK-293T cell plates. After �48 hours, the

DMEM culture media were removed and the cells were lifted off the plate using 2 mL of 10 mM PBS, pH 7.2. Cells were pelleted

by centrifugation at 1000 x g for five minutes. Cell pellets were flash frozen and stored at -80�C. At the time of use, cell pellets

were thawed on ice and homogenized in a 2 mL glass-glass homogenizer, as described above. Bulk homogenates (500 mL) were

diluted to yield 0.3—0.5 mg/mL protein per assay. Final assay mixtures contained 2% BSA, 1 mM NADPH or 1 mM NADP+, and

2 mM 11cROL or 2 mM 11cRAL, respectively. Assay samples were gently agitated for one minute at 37�C and immediately placed

on ice. Reactions were quenched and extracted for HPLC analysis, as described above.

ZCRDH and RDH12 Redox-Coupled Activity Assays
ZCRDH and human RDH12 were placed in the mammalian expression vector pcDNA3.1. The clones and the non-recombinant

plasmid were separately transfected into HEK-293T cells. After approximately 40 hours, the HEK-293T cells were harvested by care-

ful removal of the culture media (DMEM)and gentle suspension of the cells into 2 mL of 10 mM PBS pH 7.2. The cells were then pel-

leted by centrifugation at 1000 x g for five mins. The cell pellet was flash frozen in liquid nitrogen and stored at -80�C until ready for

use. Cell pellets were thawed over ice and homogenized in 2 mL glass-glass homogenizers (Wheaton) into 500 mL of 10 mM PBS 7.2

pH. Bulk homogenates were prepared and assayed for protein concentration (BCA). Assay samples had a total volume of 500 mL and

were made to contain approximately 0.3-0.5 mg/mL protein per assay. Assay samples were supplemented with 2% BSA. Separate

triplicate assays were carried out with three different added substrate conditions: 5 mM 11cROL, 5 mM atRAL, or both 5 mM 11cROL

plus atRAL. No NADP(H) cofactor was added to the reactions. Assay samples were gently agitated for one minute at 37�C, then
immediately placed on ice and quenched with methanol. Samples underwent retinoid extraction and analysis as described above.

Michaelis-Menten kinetic analysis of ZCRDH and RDH12
Coding regions for zebrafish ZCRDH and human RDH12were placed in themammalian expression plasmid, pcDNA3.1. Non-recom-

binant pcDNA3.1 (background control) and plasmids containing ZCRDH or RDH12 were independently transfected into HEK-293T

cells. After approximately 48 hours, the HEK-293T cells were harvested by removal of the culture media (DMEM) and gentle resus-

pension of the cells into 2mL of 10 mMPBS 7.2 pH, followed by centrifugation (1000 x g for fivemins). The cell pellet was flash frozen

in liquid nitrogen and stored in at -80�Cuntil ready for use. At the time of use, cell pellets were thawed on ice and homogenized in 2mL

glass-glass homogenizers (Wheaton) with 500 mL of 10 mM PBS 7.2 pH. The resulting bulk homogenates were assayed for protein

concentration (BCA). Samples for enzyme assays had a total volume of 500 mL and were prepared to contain 0.3-0.5 mg/mL total

protein per assay. Assay samples were supplemented with 2% BSA and 1 mM NADP+. Triplicate assay sample sets with different

concentrations of 11cROL substrate (0 mM, 0.1 mM, 0.4 mM, 1.0 mM, or 2.0 mM 11cROL) were assembled. The samples were gently

agitated for one minute at 37�C and immediately placed on ice. The samples were quenched and treated as described above for

retinoid extraction and quantitation. The resulting data were fitted to the Michaelis-Menten equation to determine Vmax and KM for

each enzyme using SigmaPlot version 14.

Microspectrophotometry
Dissection and tissue preparation

Overnight dark-adapted zebrafish fish were euthanized, in darkness, by chilling in ice-water followed by decapitation using a single-

edge razor blade. The eyeswere enucleated, the cornea and lenswere removed and the retina was isolated in HEPES buffered Ames’

medium. All steps of the euthanasia, dissection and tissue handling were done in NIR illumination using infrared image converters

(B.E. Meyers, Redmond, WA) mounted on a dissection microscope (Zeiss, Oberkochen, Germany). Tissue was stored on ice in a

light-tight container in Ames’s medium buffered with HEPES at pH 7.4.

Visual pigment bleaching and regeneration

Bleaching of isolated retina was done in a HEPES-buffered Ames’ medium in a glass embryo dish that was placed under a bleaching

light bench. The light bench contained a 505-nm LED light-source focused to produce a uniform 3.3mmwide circular light spot at the

plane of the retina. The bleaching light was attenuated by neutral density filters and calibrated to have a photon density of 1.33 107 ɸ
mm-2 s-1. During bleaching, the retina was exposed for 45 s which was calculated to result in >90% bleach for rhodopsin, M-cone

opsin as well as L-cone opsin. To promote visual pigment regeneration, bleached retinas were incubated for 15 min in darkness

in 3 mL Ames’ medium supplemented with 1% fatty-acid-free bovine serum albumin (Millipore-Sigma, St Louis, MO, USA) and

15 mM 11cROL or 15 mM 11cRAL.

Microspectrophotometry

Measurements of spectral absorbance were made with a custom-built single-beammicrospectrophotometer (MSP) which has been

described in a previous publication.33 The MSP was built around an IM35 Zeiss inverted microscope equipped with UV-transparent

optics. Monochromatic light was produced by a xenon-arc light source coupled to a scanning monochromator (Optoscan, Cairn

Research, Faversham, UK). Light from the monochromator was passed through a Glan-Thompson prism (polarizer) mounted on a

rotating stage to allow for measurements of absorbance spectra in which the polarization of the incident measurement beam is either

perpendicular (T-polarization) or parallel (L-polarization) to the long axis of the photoreceptor outer segment. All measurements
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reported here were made with T polarization. The size and shape of the measurement beam was set with an adjustable rectangular

field stop (slit) in the optical path. We used slit dimensions of 4 m x 0.7 m. The slit was brought into focus on the plane of the prep-

aration with a Zeiss 100x Ultrafluar objective mounted on a piezo-electric focusing device (Physik Instrumente, Karlsruhe, Germany)

slaved to the monochromator to correct for chromatic aberration. The transmitted light was collected through a Nikon NIR Apo 60X

water immersion objective and focused on a photomultiplier tube (PMT, Hamamatsu Photonics K. K., Hamamatsu, Japan). The signal

from the PMT was amplified and digitized by a NI USB-6356 X Series Multifunction DAQ board (National Instruments Corp., Austin

TX). The instrument and data collection were controlled by a computer programwritten in LabVIEW (National Instruments Corp., Aus-

tin TX).

A piece of retina was chopped into fragments and triturated in Ames’ medium. The resulting cell suspension was transferred to a

Concanavalin-A (Millipore-Sigma, St Louis,MO, USA) coated quartz cover-slip window in the bottom of a 2-mm-deep polyoxymethy-

lene recording chamber.

The recording chamber was thenmounted on the stage located in the beampath of theMSP. The retinal tissuewas superfused at a

rate of 2 mL/min with Ames’ medium adjusted to 265 mOsm, buffered with NaHCO3 and pH-equilibrated with 95% O2 / 5% CO2.

Temperature was maintained at 25�C Absorption spectra were measured from the outer segments of single photoreceptors settled

at the bottom of the recording chamber. The photoreceptor type was identified by their morphology and absorbance spectrum. We

made measurements over the wavelength range of 350—700 nm with 2-nm resolution. The absorbance spectrum was calculated

according to Beers’ Law:

OD = log10

Ii
It

where OD is the optical density, It is the light transmitted through a cell-free space nearby the outer segment (baseline) and Ii is the

light transmitted through the outer segment (sample). For each cell we recorded 20 baseline scans and 5 sample scans. The sample

scans did not produce any detectable amount of pigment bleaching. Data were baseline-corrected, analyzed and plotted using the

Python programming language. Absorbance spectra were fitted with A1 nomograms.41

QUANTIFICATION AND STATISTICAL ANALYSIS

SigmaPlot Version 14 (Systat Software Inc.) software was used for statistical analysis of all presented retinoid profiling, enzymatic

activity and kinetic data. Data are represented as mean ± sem. Dual substrate enzymatic activity data sets were analyzed by one-

way ANOVA followed by Student-Newman-Keuls t-test to test for significance between different test groups. Sample

numbers are indicated in the figure legends or the main text. A minimum of three or four independent repeats were conducted for

each experiment. P-value significance is indicated by asterisks. * = P-value % 0.05; ** = P-value % 0.01; *** = P-value % 0.001.
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