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Retinal metabolism in rod and cone photoreceptors.

(BREL#ERICBITDRLFF— L RH)

FHEEVD OMBIZIX, B, #R0 2 BEOEMBRATFET S, BEITLITHTIRENE VD
FIcHE, SEFIINHCHTIRENBN-OHAFTTH., EHo08Mab, EMHEICI->THRERE
L. TN EZHMBOBRISEICERET S, HYHIZ. BAHATH D 11-cis retinalt RAE A7 DR
Ehd, llcisretinal B3 Y& ZET 3 Lall-rans retinaiC BHL L, A7V CBEELE2 b6 LTH
WHEITEMRIC 2D, TORBE. KEREESENTEELEEINT, FHRIBRNE 2 RETS, B
{t Utzall-trans retinalix LiT B T3 A7 vnbindg, 7 vidll-cistetinal L T B LT
o THDOTHERBTHILENTED, ED=®, all-trans retinalid, FBEA OretinalfAHERIZ LY
l-cisretinaliC R &, 7V L BUREE L. RWEIBAET S, #EFTHRTEHBL 2, BETTEH<
BELVEHEHBRENZ V., 0D, HHWERH. TR bretinalfWBHIREIZHL N, #ETLY
BHRTHD L FPHEIND, ThE TretinalRPI OV T, BETOHEBEITLTERY . #ETO
BIRIHIE L A EFDNT I d o, RER D, BEIKRICHNTE 50 TALEMHRTFASTRT
bolehl, HEOBRIZEL WD AENER LT bTHD, YHRBICIX, R CHE—HE
HHEE KEICERTIENBH D0 T, EEOEMFHRFARFRETHS, £ I T, WH Dretinal
R &2 A LFRTHRT S Z LT L,

JEIZ & Y & Uizall-trans retinaliZ{R MBI AN Tall-trans retinoliZ 3BT S 5, 37, BRI UBE, #E
MREeEEAVWZERN D, ZOBEEEIIEFRTIIRERICHERTSERES VN LB ahoTk, &
HT, B, #EL I, LN LRI ZBINLR D, SMEIINEHCEETN D DT, all-trrans
retinal DBRIEIIHEICRET 2 L FRESN D, 2T ABMICBETIE%HEZRO S 72DIT, B,
RO FIZOWTHE S LIINEIZ K FURBERB L, ThERAVWEERIZLY, B
WEIC D BWEER DB Z &, —FE#ERICBATICEVEERH B Z LB 00, AT BT 3
&L R TIIRERICHERTESESK 3 3FEEVZ LB ghoT, EHIT, ZOEMEIEE, #iEl biz
retinol dehydrogenase 8 (RDH8) (L X2 bDTH Y, #ETHEVVIEMEEZRT DIIRDH 8 M #EAEHIC
REZBELTHWENOTholc, ULDZ &b, #ETIIAZAEIC LY AL Ulall-trans retinal & FE &
KBRETEDZ EMBRBREINT,

—F., BWERBFEINBTZOIZIE, 1-cis retinal 38 S 2T ER B2V, retinal R IRIC B
WT, ERIZIX L -cis retinol B3t S B L B X TRV, #EEPI Tll-cis retinol 23 11-cis retinal (2 & #t
ENBLEZOLNTVWS, ZORIGIIHEERNADP OB & 3% LIZRDHOK IS TH B £ X2 5N TW
oo LU, BRILZSEIZIZEDO X ) 2EM®IZIZE A ‘E‘%ﬂbf) LI by oz, retinol ZretinaliC E#35
RISIIBERETHY . TORISITIINADP O & 5 RBLAIOBIEN LT EZET S, £ T, BLHO
B4 & U Call-trans retinal & £ % 7=, all-trans retinaliZ 2 EIC X 0 BWEH S K EN D, 1l-cis retinol
& all-trans retinal Z i 2. 7= $EAR BB CIE P AR U 11-cis retinal & all-trans retinol 34 Uiz, £FL T, ZTOK
J5iZ, ROHORIGIZHERTH S OfF@mWEHEE R L, UEDZ &b, ZOREEMET ST (¥
723G FE) IREEBTRHI OO0, ZOSRERTOEMEFTEIHEEICEEREEHEZRETZ
LRI,



RESUIS .....ovvietiniiiiii ittt ettt et e re s ereteseansenssnesnesencansncsnnsntenneenn

All-trans Retinal Reduction is More Efficient in Cones

RDH activities are present in Both Photoreceptor Outer Segments and Inner Segments

Three RDH Subtypes, RDH8, RDH8L2 and RDH13, are the Major RDH Subtypes
Expressed in the Carp Retina

Expression levels and Distribution of RDH8, RDH8L2 and RDH13 in Rods and Cones

RDH8 Contributes to the Highly Efficient All-trans Retinal Reduction
in the Cone Outer Segment

11-cis Retinal is synthesized from 11-cis Retinol with a Retinal-Retinol Redox Coupling

(3] EY o 1T (o] 1 TR

Physiological Relevance of the Measured RDH activity
Possible Role of Each Subtype of RDH in Photoreceptors
Cone-specific Retinal-Retinol Redox Coupling Reaction

Experimental Procedures ......................coeull e eertreerenettete et rreaeaaaaans

Purification of Rod and Cone Photoreceptor Cells
Preparation of Outer Segment-Rich and Inner Segment-Rich Rods and Cones
Measurement of Succinate Dehydrogenase Activity in Rod and Cone Preparations
Preparation of Retinoids
Measurements of Reduction or Oxidation of Retinoids
Cloning of RDH Genes
Phylogenetic Analysis _
Measurement of the Expression Level of RDH mRNA with Real-time RT-PCR
Preparation of Anti-RDH8, RDH8L2 and RDH13 Polyclonal Sera
Quantification of RDH Proteins
Measurement of specific activities of RDH8, RDH8L2 and RDH13
Measurement of Visual Pigment Regeneration by 11-cis Retinal

Formed from 11-cis Retinol in Cones

19
22

23

30
31
33

37
37
38
38
39
39
40
41
42
43

45



Summary

In the vertebrate retina, there are two types of photoreceptors, rods and cones.
Rods mediate twilight vision and cones mediate daylight vision. In both cells, photons are
absorbed by visual pigment, which is composed of a chromophore, 11-cis retinal and a
protein moiety, opsin. Light isomerizes 11-cis retinal to all-trans retinal, which induces a
conformational change in opsin to lead to activation of an enzymatic cascade to evoke a
light response. All-trans retinal, the product formed after light-absorption, then
dissociates from opsin, and is reduced to all-trans retinol in the photoreceptor outer
segment. Opsin molecules without chromophore are no longer able to absorb photons in
the visible region. To form functional pigment AQain, opsin must newly bind 11-cis retinal.
It is known that all-trans retinol is converted back to 11-cis retinal through a multistep
pathway, and is supplied to opsin to regenerate visual pigment. Because cones function
under much brighter light conditions, retinal metabolism, i.e., reduction of all-trans retinal
and production of 11-cis retinal, could be more efficient in cones than in rods to
regenerate pigment effectively.

In the present study, by using carp purified rods and cones, first | compared the
reduction of all-trans retinal to all-trans retinol by retinol dehydrogenases (RDHSs)
between rods and cones. The activity in the outer segment of cones was >30 times
higher than that of rods. The high activity of RDHs was attributed to a higher content of
RDH8 in cones. | further found a novel and effective pathway to convert 11-cis retinol to
11-cis retinal in cones: this oxidative conversion did not require NADP*, and instead, was
coupled with reduction of all-trans retinal to all-trans retinol. The activity was >50 times
more effective than the reaction that requires NADP*. These highly effective reactions of
removal of all-trans retinal and production of 11-cis retinal are probably the underlying
mechanisms that ensure effective pigment regeneration in cones that function under

much brighter light conditions than rods.



Introduction

We can see the external world under light conditions that range from dim starlight
to bright sunlight, where the difference of light intensity is almost a thousand-million-fold.
Our eyes have an ability to detect light signals of various intensities. For this ability, in the
vertebrate retina, there are two types of photoreceptor cells, rods and cones (Figure 1).
Rods are very light-sensitive so that they function under dim light. Cones are less
light-sensitive so that they function under bright light. Thanks to these two types of
photoreceptors, the dynamic range of our visual system is very wide.

Both rods and cones consist of the outer segment (OS) and the inner segment (IS)
that includes the nucleus region and synaptic region (Figure 2A). The OS contains the
components necessary for conversion of a light signal to an electrical signal, and the IS
contains organelles necessary for general cell metabolism, such as nucleus and

mitochondria. Rods and cones are distinguishable by their shapes of the OS. In rods, about
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Figure 1. Vertebrate retina. Vertebrate retina contains several species of cells. Among them, there are two
types of photoreceptors, rods (green) and cones (pink). Modified from Dowling and Boycott (1966).



1000 disk membranes are stacked inside of the OS, and in cones, the plasma membranes
are invaginated repeatedly to form a stack of lamellar structure. Visual pigment is present
in the stacked membranes of the OS, and the molecule is packed at a very high density
(~3mM) (Harosi, 1975). This dense packing serves to increase the probability of absorption
of photons that are transmitted through the OS in parallel with its long axis.

Visual pigment is one of the G protein-coupled receptor proteins and composed of a
chromophore and a protein moiety, called opsin (Gether, 2000; Stenkamp et al., 2005)
(Figure 2B). The light-absorbing chromophore is 11-cis retinal, a derivative of vitamin A.
Light isomerizes 11-cis retinal to all-trans retinal. This isomerization of the chromophore
induces a conformational change in opsin to lead to activation of an enzyme cascade to
evoke an electrical response of a photoreceptor. This enzyme cascade is called
phototransduction cascade (outlined by a red dotted line in Figure 2B). All-trans retinal, the
product formed after light-absorption, then dissociates from opsin, and is converted back to
11-cis retinal through a multistep pathway, and is supplied to opsin to regenerate visual
pigment. This process is called visual cycle (outlined by a blue dotted line in Figure 2B).
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Figure 2. Rods and cones. (A) Arod and a cone brushed off the carp retina. Both cells consist of two parts,
the outer segment and the inner segment. (B) Phototransduction cascade and visual cycle. Visual pigment
consisting a part of the phototransduction cascade is recycled in the visual cycle. (C) Intensity of steady light
under which rods and cones can function. Estimated from Baylor et al. (1984), Schnapf et al. (1990), Mendez
et al. (2001) and Calvert et al. (2002).



Rods and cones are different in their characteristics of photoresponse. Cones can
function under brighter light condition than rods (Figure 2C). The light sensitivity of rods is
10%-10° times higher than that of cones, and further, each rod or cone covers about a
10%fold range of the light-intensity. The presence of both rods and cones ensure the
coverage of the wide range of light-intensities in our vision. Rods mediate twilight vision
because of their high light-sensitivity. Cones mediate daylight vision, because they are less
sensitive to light.

The phototransduction cascade to generate a photoresponse in rods is well
understood (Figure 3) (Bums and Arshavsky, 2005; Lamb and Pugh, 2006; Fu and Yau,
2007). In rods, a photon activates a visual pigment molecule. The activated visual pigment
activates a GTP-binding protein, transducin, by substitution of GTP for GDP. Activated
transducin activates cGMP phosphodiesterase (PDE) that hydrolyzes cGMP. As a result,
the cGMP concentration is decreased in the light. Finally, the decrease of the cGMP
concentration induces the closure of cGMP-gated cation channels present in the plasma

membrane of the OS. The phototransduction mechanisms have been known to be similar
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Figure 3. Phototransduction cascade In the vertebrate rods and cones. In the outer segment of rods and
cones, cGMP is hydrolyzed light-dependently through this cascade (see details in text). Modified from Figure 2
in Kawamura and Tachibanaki (2008).



in rods and cones. The detailed mechanisms responsible for the difference in
light-sensitivity in rods and cones are now understood well at the molecular level
(Tachibanaki et al., 2007; Kawamura and Tachibanaki, 2008).

When visual pigment absorbs light, the chromophore is isomerized to all-trans
form and sequentially becomes apart from opsin. Because retinal is a toxic form of retinoids
(Weng et al., 1999), all-trans retinal has to be rapidly removed. It is known that all-trans
retinal is reduced to all-trans retinol by retinol dehydrogenases (RDHs) within the OS of a
photoreceptor. Because cones function under much brighter light conditions, the reduction
of all-trans retinal would be more efficient in cones than in rods. Recently, the rate of the
reduction has been reported to be 10-40 times higher in cones than in rods under in vivo
conditions (Ala-Laurila et al., 2006). Yet, the molecular basis is not known.

Visual pigment without chromophore is no longer able to absorb light. To form
functional visual pigment again, opsin needs to bind 11-cis retinal. To supply 11-cis retinal, it
is known that all-trans retinal released from opsin is converted back to 11-cis retinal through
a multistep pathway. This process is called visual cycle that requires participation of the‘
retinal pigment epithelium (RPE) (Figure 4, upper left) (McBee et al., 2001; Lamb and Pugh,
2004). In the visual cycle, as described above, all-trans retinal released from visual pigment
is reduced to all-trans retinol within a photoreceptor. All-trans retinol is then transported to
the RPE. In the RPE, there are three steps of reactions of the visual cycle. First, all-trans
retinol is esterified to form an all-trans retinyl vester by lecithin retinol acyl transferase (LRAT).
The second reaction couples hydrolysis of the retinyl ester with the isomerization of all-trans
retinol to 11-cis retinol catalyzed by retinyl ester isomerohydrolase, RPE65. Finally, 11-cis
retinol is oxidized to 11-cis retinal by 11-cis retinol dehydrogenase (RDHS5). The newly
synthesized 11-cis retinal is sent back to photoreceptors to regenerate visual pigment.

All the above studies were performed in the rod-dominant retina. Because cones
function under much brighter light conditions, the supply of 11-cis retinal to regenerate
visual pigment could be faster in cones. Several lines of evidence suggested that cone
pigment is regenerated in an RPE-independent manner. For example, cone pigment, but
not rod pigment, can be regenerated in isolated frog retinas separated from the RPE
(Goldstein and Wolf, 1973). Interéstingly, after bleaching, photosensitivity recovers with
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Figure 4. Scheme of rod and cone visual cycle. (Left) Currently supported visual cycle for rods. After
absorption of light, the visual pigment chromophore, 11-cis retinal is isomerized to all-trans reteinal. All-trans
retinal is detached from opsin and reduced by RDHs to all-trans retinol in the presence of a cofactor, NADPH.
This retinol is transferred to the RPE where the all-trans form is isomerized to the 11-cis form and is oxidized to
11-cis retinal. 11-cis retinal is transferred back to the OS of a rod to regenerate visual pigment. (Right)
Hypothetical visual cycle for cones. A similar pathway of visual cycle is present in cones. In cones, additional
pathway for its supply is assumed to be present and much effective: 11-cis retinol supplied from Mdiller cells is
converted to 11-cis retinal by hypothesized enzyme, 11-cis retinol dehydrogenase with a cofactor, NADP*. See
text for details.

addition of 11-cis retinol in isolated cones, but not in rods (Jones et al., 1989). In addition,
cultured Mdller cells, the major glial cells, can isomerize all-trans retinol to 11-cis retinol
(Das et al., 1992). Recently, it has been hypothesized that an effective pathway for supply
of 11-cis retinol to cones is present in isolated cone-dominant, chicken and ground squirrel
retinas (Figure 4, upper right, Mata et al., 2002). However, it is not known whether the
Muller cells have this effective pathway because Mata et al. used cone-dominant retina, but
not purified Mdller cells. Similar to the rod visual cycle in cones, 11-cis retinal in the cone

visual pigment is isomerized to all-trans retinal by light, and then all-trans retinal is assumed



to be reduced to all-trans retinol by unidentified RDHs (Muniz et al., 2007). In the
hypothesis proposed by Mata et al. (2002), all-trans retinol is transported to Muiller cells,
can be isomerized to its 11-cis form as a result of the synthesis of 11-cis retinyl ester by
11-cis acyl CoA retinol acyl transferase (ARAT), and then 11-cis retinyl ester is hydrolyzed
to 11-cis retinol by retinyl ester hydrolase (REH). This isomerization of all-trans form to
11-cis form in the Miller cells has been reported to be 20 times more effective than in the
RPE (Mata et al., 2002). It is further assumed that this 11-cis retinol is transparted to cones,
and is oxidized to 11-cis retinal by a hypothesized enzyme, 11-cis retinol dehydrogenase
that is present in cones and requires NADP" as a cofactor. This oxidation pathway must be
also effective for regeneration of cone pigment, if it is present. |

in the present study, | investigated the metabolism of all-trans rertinal and 11-cis
retinal within the photoreceptor cells (Figure 3, red and blue arrows). By using purified carp
(Cyprinus carpio) rods and cones together with the outer segment (OS)- and the inner
segment (IS)-rich rod and cone preparations, | first measured the activity of the reduction of
all-trans retinal (RDH activity) in the OS and the IS of both rods and cones. The result
showed that the activity is ~30 times higher in the OS in cones than in rods. | then
quantified the specific activities and the amount of the major RDHs (RDH8, RDH8L2 and
RDH13) expressed in the photoreceptors. From these studies, | concluded that the high
activity of RDHs in the cone OS is attributed to high content of RDH8 in the OS of cones.
Furthermore, | found a novel reaction for the effective conversion of 11-cis retinol to 11-cis
retinal in cones. This reaction does not require NADP*, a cofactor that has been thought to
be essential for retinol oxidation. Instead, 11-cis retinal was produced by a novel enzymatic
reaction in which the reduction of all-trans retinal and the oxidation of 11-cis retinol are
couplied (retinal-retinol redox coupling reaction; ALOL-coupling). | propose that this
oxidation pathway becomes effective when the light intensity increases to accumulate a

large amount of all-trans retinal in the cone OS.



Results

All-trans Retinal Reduction is More Efficient in Cones

All-trans retinal formed by absorption of light in visual pigment is reduced to all-trans
retinol in the photoreceptor cells. To compare the reducing activities between rods and
cones, | first purified rods and cones from the carp retina (see Experimental Procedures).
Briefly, rods and cones were brushed off the retina (Figure 5A). The cells were purified by
using a stepwise Percoll density gradient. Rods were collected at the 45/60% (W/V)
interface (Figure 5B), and cones were collected at the 75/90% (w/v) interface (Figure 5C).

Our rod preparation contained small amounts of cones (Tachibanaki et al., 2001).

Percoll density (%;

20 um

Figure 5. Purification of rods and cones from the carp retina. (A-C) Rods and cones were brushed off the
retina (A). The mixture of rods and cones was layered on the top of a stepwise Percoll density gradient. After
centrifugation, rods were obtained at the 45/60% interface (B), and cones were obtained at the 75/90%
interface (C). Modified from Figure 1 in Tachibanaki et al. (2001).

In Figure 6A, the reaction products were analyzed by HPLC. Figure 6B shows the
time courses of the reduction of the exogenously applied all-trans retinal to all-trans retinol
measured in the lysate of purified carp rods and cones. | routinely quantified the amount of
rods and cones by measuring the amount of visual pigment in a sample. Therefore, the

activity of the reduction of all-trans retinal, defined as the RDH activity in this study, was
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Figure 6. RDH activities in purified rods and cones. (A) HPLC elution patterns of retinoids after incubation
of all-trans retinal (left) with cone (middle right) and rod (lower right) lysate. (upper right) A representative HPLC
chromatogram of retinal and retinol standards: 13-cis retinal (13cRAL), 11-cis retinal (11cRAL), all-trans retinal
(atRAL), 11-cis retinol (11cROL), 13-cis retinol (13cROL) and all-trans retinol (atROL).Arrowheads in the middle
right panel indicate (from left to right) 13-cis retinal, all-trans retinal and all-trans retinol. Formation of 13-cis
retinal is due to thermal isomerization from all-trans retinal (see Figure 18B). (B) Time course of reduction of
all-trans retinal (RDH activity) in the rod and the cone lysate. The activity is expressed as fmols of all-trans
retinol formed per cell. The abscissa indicates the time after addition of all-trans retinal. Error bars show
standard deviations (n=4). (C) RDH activities in the rod and the cone lysate. The activity was calculated from
the results at 5 min in (B) (n=4).

measured in units of per visual pigment present. This expression is useful in the
comparison of the RDH activities per unit volume of the OS between rods and cones,
because the density of the visual pigment in the OS is similar between rods and cones
(Harosi, 1975). However, most of our purified rods and cones retained both the OS and the
IS (see Experimental Procedures), and in addition, both the OS and the IS shoWed the

RDH activity (see below). For this reason, | show the activity in units per cell (rod or cone)



by assuming that, on an average, a rod contains 1.6 x 10® and a cone contains 7.8 x 10’
visual pigment molecules (Tachibanaki et al., 2001) until it becomes clear how much
percent of the activity is present in the OS (after Figure 11). '

As shown in Figure 6B, the rate of formation of retinol was higher in cones than that in
rods. The RDH activity in rods was 1.6 + 0.2 amols of all-trans retinol formed per cell per
second (amols atROL/cell-sec) (Figure 6C). A similar value of the RDH activity has been
reported in bovine rod outer segment (Palczewski et al., 1994). The activity in cones was
12.4 + 1.4 amols atROL/cell-sec (Figure 6C). It was evident that the reducing activity per
cell was ~8 times higher in cones. |

The reduction of all-trans retinal is catalyzed by retinol dehydrogenases (RDHSs)
(Futterman, 1963; Palczewski et al., 1994; Rattner et al., 2000). To characterize the RDH
reactions in rods and cones, | examined the substrate specificity of the oxidation and the
reduction of retinoids (Figure 7A and 7B). For the measurement of the RDH activity
(reduction of retinal to retinol), purified all-trans or 11-cis form of retinal was used as the
substrate in the presence of NADPH, the essential cofactor of this reaction (Futterman,
1963; Nicotra and Livréa, 1982; Palczewski et al., 1994). For the rheasurement of the back
reaction (oxidation of retinol to retinal), purified all-trans or 11-cis form of retinol was used as
the substrate, and NADP* was used as the cofactor (Nicotra and Livrea, 1982; Palczewski
et al., 1994). This was the first biochemical measurement of the RDH activities in purified
cone preparations, although some attempts were made previously using the
cone-dominant retina (Mata et al., 2002). All-trans retinal was the best substrate among the
substrates examined for RDHs in both rods and cones, because the rate of the reduction of
all-trans retinal was the highest. The activity of each reaction in cones was 3-8 times higher
than that of the corresponding reaction in rods (compare Figure 7A and 7B). However, the
dissociation constant (Kd) of each retinoid was similar between rods and cones. This result
suggested that same RDH proteins are expressed in rods and cones. It should be
mentioned here that in both rods and cones, the catalytic activity of the formation of 11-cis
retinal from 11-cis retinol is remarkably lower than the activities of other reactions even in

the presence of cofactors.

10
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Figure 7. Activities of reduction and oxidation of all-trans and 11-c/s retinoids in rods {A) and cones (B)
lysate. The activity was measured in the presence of 100 uM retinal or retinol and 200 uM NADPH or NADP"*.
The values are shown as a mean * SD determined in four independent experiments for the all-trans retinoids
and three independent experiments for the 11-cis retinoids.

RDH activities are present in Both Photoreceptor Outer Segments and Inner

Segments
All-trans retinal is released after light-absorption from visual pigment that locates in

the OS almost exclusively. Thus, all-trans retinal mainly accumulates within the OS, and its
reduction to all-trans retinol is thought to predominantly take place within the OS. Actually, it
has been reported that RDH proteins were expressed in both the OS and the IS in rods and
cones, but that, in isolated rods and cones, the reduction of all-trans retinal to all-trans
retinol was observed in the OS (Haeseleer et al., 1998; Ratiner et al., 2000; Haeseleer et
al., 2002; Ala-Laurila et al., 2006). ,

To investigate whether my measured RDH activity localizes only in the OS of rods
and cones, | obtained outer segmént (OS)-rich and inner segment (IS)-rich preparations of
rods and cones (see Experimental Procedures). Briefly, purified rods (Figure 8A) were
passed through a needle several times to mechanically detach the OS from the IS (Figure
8B) and fractionated with the use of a stepwise Percoll density gradient. A ROS-rich sample
was obtained at the 30/45% (w/V) interface (Figure 8C), and a RIS-rich sample was

11



obtained at the 45/60% (w/v) interface (Figure 8D). Similarly, purified cones (Figure 8E)
were passed through a needle to mechanically detach the OS from the IS (Figure 8F). After
centrifugation, a COS-rich sample was obtained as the supernatant (Figure 8G), and a

CIS-rich sample was obtained as the precipitate (Figure 8H).

Percoll density (%; w/v)

20 um
Figure 8. Preparation of OS- and IS-rich samples from purified rods and cones. (A) Purified rods. (B)
Rods after passage through a 27-gauge needle. (C) ROS-rich fraction. (D) RIS-rich fraction. Spherical bodies in
(B) and (D) would be the inner segments. (E) Purified cones. (F) Cones after passage through a 27-gauge

needle. (G) COS-rich fraction. (H) CIS-rich fraction. Cone outer segments are not visibly identified in (F) and
(G), but cone pigments are detected in these preparations spectrophotometrically.
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To estimate the content of OS and IS in the OS- and IS-rich preparations, | quantified
the amount of visual pigment as a marker of the OS, and the activity of mitochondrial
succinate dehydrogenase (SDH) (Figure 9A), a quantitative marker of the IS. They were
measured under a constant amount of visual pigment (Figure 9B and 9D). Most of my
purified rods and cones retained both the OS and the IS, and the ratio of the SDH activity to
the amount of visual pigment in the purified rods or cones was taken to be the index
showing that the IS/OS ratio is 1.0 (Figure 9C and 9E).

20.2-C
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e =8 | -
X’ 23
A S SghlE g
. é - 8 § *, O rod
succinate < s L AROS-rich
. 8 A‘ ORIS-rich
2 ferricyanide g oL
. . 1 1 1 1 w— 1 1 1 1
oxidation 0 2 4 6 8 =0 1 2 3
by SDH Time (min) IS/OS ratio
2 ferrocyanide D o3[ E =
O - - - - - - - saa oo - §
fumarate ! 28 w
Al i £5 m
X, 23 .
g 8 o
< 2 re
3 Q&L
< CIS-rich @ 2 o Ocone (n=4)
< 4l = i ACOS-ich
° K 0 CIS-rich
1 1 g O+ 1 1
0 2 4 6 8 70 ) 4 6
Time (min) IS/OS ratio

Figure 9. SDH activity in rod and cone preparations. (A) SDH reaction schema. Oxidation of succinate to
fumarate is accompanied with reduction of ferricyanide to ferrocyanide. (B) SDH activity measured in rod
preparations. Absorbance decrease at 420 nm due to reduction of ferricyanide by SDH was measured in the
lysates of ROS-rich, purified rod (rod) and RIS-rich preparations all containing constant 100 pmols of rod
pigment. The steeper decline of the absorbance in RIS indicates that the SDH activity, and therefore, the
content of IS is higher in this preparation under the constant amount of rod pigment, and thus, the OS. Because
a rod in the purified rod preparation possesses both the OS and the IS, the SDH activity in “rod” preparation
was taken to be an indication that the ratio of IS/OS is 1.0. Symbols filled with the same color indicate the
results obtained from the same starting purified rods. (C) Summary of the results. The SDH activities were
plotted against the relative content of IS to that of OS. (D) Similar as in (A) except that the COS-rich, purified
cone and CIS-rich preparations contained 3.0, 3.0 and 0.75 pmols of visual pigment, respectively. (E) Similar
as in (C) except that the SDH activity in purified cones was taken to be an indication that the ratio of IS/OS is
1.0.
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All of the rod samples, namely purified rods, rod OS (ROS)- and rod IS (RIS)-rich
preparations, contained small amount of cones. To correct the contribution of cones, the
amount of the cone OS (COS) and the cone IS (CIS) in rod preparations were determined
(Figure 10). Carp retina contains four types of cone visual pigment. Among them, the
content of the red-sensitive pigment is most abundant. The COS contamination was

estimated on the bases of the amount of red pigment in rod preparations and the relative

OO
A B o_,"\o (\6'0
1.0 & O Q@' BSA standard
rod pigment e g 26 75 25 75 25 75
8 PE kDa
3 97.44
é 66.24 i -
f‘; i 450 = —eeigl
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(U] i b d
g 31.01 =8 <
D — -— -
o= o | 1 21.57
500 600 700
wavelength (nm) 1441 = ——
cone contamination
C (% ratio of OS or IS;mean £ SD)
COS CIS
sample (cone pigment)  (ES1 protein)
purified rod 1.3£1.0 1.520.7
ROS-rich not detected 0.46 +0.34
RIS-rich not detected 29+17

Figure 10. Cone contamination in rod preparations. (A) Estimation of the amount of contaminated cone
pigment in a purified rod preparation. In one portion of the sample, rod pigment in the purified rods was
quantified by the difference of the absorption spectral before and after the bleach with >460 nm light (rod
pigment, black curve in A). In the other portion, the sample was illuminated with >680nm light extensively to
bleach all of the red pigment. The difference in the absorption spectrum before and after the illumination was
measured (curve shown in purple in insect). This curve consists of the spectrum of rod pigment (green dotted
curve) and that of the red pigment (red dotted curve). Using the template of the absorption spectrum of red
pigment, the amount of red pigment was quantified. (B) Estimation of the CIS contamination. The purified rod,
ROS-rich and RIS-rich preparations were applied to an SDS-PAGE. Each number shows the pmols of visual
pigment applied to each lane. The protein bands of ES1 (arrowhead) were quantified by comparing the protein
band density of BSA standards. (C) Summary of the cone (COS and CIS) contamination in the rod
preparations. From the calculations shown in (A) and (B), the content of cone contamination were determined
(n=4-6).
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content of the red pigment among the cone visual pigment (50% in this study). The amount
of red pigment was quantified by the partial bleach method (Figure 10A) as described
previously (Tachibanaki et al., 2001). The CIS contamination was evaluated from the
amount of ES1 protein, a marker of the CIS (Chang and Gilbert, 1997). The content of ES1
in each rod preparation was quantified (Figure 10B) and the contamination was calculated
on the basis of the content of ES1 in each cone (3.3 + 1.0 fmols/cone, n=6). ES1 is a
soluble protein and should be lost from the contaminated CIS during preparation of the
ROS- and RIS-rich samples. From a measurement using purified rods and cones, | found
that 35.1 + 21.1 % (n=4) of ES1 was lost during this procedure and this loss was taken into
consideration when necessary.

The summarized result of the contamination of cones in purified rod, ROS-rich and
RIS-rich preparations is shown in Figure 10C. In my purified rod preparation, the COS
contamination was 1.3 £ 1.0% (n=10) and the CIS contamination was 1.5 £ 0.7% (n=6). In
ROS- and RIS-rich samples, the COS contamination was negligible, but the CIS
contamination was 0.46 + 0.34% (n=4) in the ROS-rich samples and 2.9 + 1.7% (n=4) in
the RIS-rich samples. All of the above contaminations were corrected in the estimation of
the distribution of the RDH activities in the ROS and the RIS. ,

‘| measured the RDH activities in the OS-rich and the IS-rich preparations of rods and
cones (Figure 11). In this figure, | plotted the RDH activity as a function of the content of the
IS relative to that of the OS in rod (Figure 11A) and cone preparations (Figure 11C).

As can be seen in Figure 11A, in the rod preparations, the activity increased
significantly as the content of the IS increased, which indicated that the RDH activity is
present in the IS of a rod. From the ratio of IS/OS, | calculated the RDH activities in the
ROS and in the RIS. The estimated RDH activity was 0.64 + 0.11 amols atROL/ROS-sec,
and 0.80 +0.11 amols atROL/RIS-sec (Figure 11B). In rods, the estimated activities in the
OS and in the IS were nearly equal. In the ROS, the activity was equivalent to 2.4 + 0.3 x
10° molecules of atROL formed/pigment-sec (molecules atROL/pigment-sec) (Figure 11E).

Similarly, | measured the RDH activities in the cone OS (COS)-rich and the cone IS
(CIS)-rich preparations. The overall reducing activity was higher in the cone preparations
(Figure 11C) than in the rod preparations (Figure 11A) (note the difference in the unit of the
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Figure 11. RDH activities in the OS and the IS of rods and cones. (A) RDH activities were measured in the
ROS- and the RIS-rich preparations, and plotted against the content of the IS. The OS and the IS ratio in our
purified rods was taken to be 1.0 (see text). The content of the RIS was estimated as described in Experimental
Procedures. (inset) SDS-PAGE patterns of the ROS-rich preparation, purified rods (rod) and the RIS-rich
preparation. Note the difference of the protein expression patterns among the three preparations. (B) Estimated
RDH activities in the ROS and in the RIS. The RDH activities in the ROS and in the RIS were calculated from
the results of the RDH activities measured in various contents of the IS shown in (A) (n=3). (C) RDH activities in
the COS-rich and the CIS-rich preparations were similarly determined as in (A). (inset) SDS-PAGE patterns of
the COS-rich preparation, purified cones (Cone) and CIS-rich preparation. (D) RDH activities in the COS and in
the CIS were estimated from the result shown in (C) (n=4). (E) RDH activities in the OS in rods and cones.
From the results shown in (B) and (D), the RDH activities in the ROS and the COS are expressed in the unit of
per visual pigment.

ordinate between Figure 11A and 11C) in agreement with the result shown in Figure 6. The
notable point was that, in contrast to the result obtained in rod preparations (Figure 11A),
the activity only slightly increased as the content of CIS increased. The result indicated that
most of the RDH activity is present in the OS in cones. The estimated reduction activity was
10.2 + 1.1 amols atROL/COS-sec, and 2.2 + 1.1 amols atROL/CIS-sec (Figure 11D). In the
COS, the activity was equivalent to 7.9 + 0.9 x 102 molecules atROL/pigment-sec (Figure
11E).
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From the estimated RDH activities in the ROS and the COS, the all-trans retinal
reducing activity per unit volume of the OS was found to be 33 times (7.9 x 102 /2.4 x 103
higher in cones than in rods, which suggested that the reduction of all-trans retinal is much

faster in cones (Figure 11E).

Three RDH Subtypes. RDH8, RDH8L2 and RDH13, are the Major RDH Subtypes

Expressed in the Carp Retina
There are potentially two possible mechanisms that explain the higher RDH activity in

cones. One is that the same subtype of RDH is expressed in rods and cones and that the
expression level is much higher in cones. The other is that the RDH subtype(s) expressed
in cones is different from that in rods and that the cone subtype(s) shows much higher
activity than the rod subtype(s).

To identify RDH subtypes in rods and cones, | first isolated carp retinal cDNA
fragments encoding RDH genes. It has been reported that RDH subtypes expressed in
vertebrate photoreceptor cells are RDH8, RDH11, RDH12, RDH13, RDH14, and short
chain dehydrogenase/reductase (retSDR1) (Haeseleer et al., 1998; Rattner et al., 2000;
Haeseleer et al., 2002). On the basis of the amino acid sequences of these RDHSs, |
synthesizéd oligonucleotide degenerate primers and used them to search for the cDNA
fragments of carp homologues of the vertebrate photoreceptor RDHSs. | obtained eleven
partial carp RDH genes; three RDH8, three RDH12, two RDH13, one RDH14, and two
retSDR1 homologous genes from a carp retinal cDNA (Figure 12A). Additionally, a carp
cDNA fragment of RDH5 homologous gene was isolated from the RPE as a marker of the
RPE.

To determine the relative abundance of these mRNAs, semi-quantitative RT-PCR
analysis was performed using primers against these twelve RDHs. Although RDH8 and
RDH13 have been reported to be expressed hainly in photoreceptor cells in primate
(Rattner et al., 2000; Haeseleer et al., 2002), | found that RDH8, RDH8L2 and RDH13 were
expressed at higher levels in the carp retina, and that RDH5 and retSDR1 were
predominantly expressed in the RPE (Figure 12B). Other genes including those of RDH12
and RDH14 were not detected significantly. Assuming that the relative abundance of an
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mMRNA reflects that of the corresponding protein, | concluded that the three RDH proteins,
RDH8, RDH8L2 and RDH13, are expressed at much higher levels than other RDHs in the
carp retina. Thus, carp retinal cDNA library was screened, and the full-length cDNA
sequences of these three RDH genes were obtained. These sequences were used for the

~ phylogenetical analysis (Figure 12A), and for the expression of recombinant proteins (see

below).
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Figure 12. Subtypes of RDH in the carp retina. (A) Molecular phylogenetic tree of vertebrate RDH genes.
Bootstrap probabiliies are shown at the nodes as the percentages from 1000 rewriting. The scale bar
represents 0.1 amino acid substitutions per position in the sequences. Each number in parentheses shows the
percentage of identity of the amino acid sequence of a carp RDH gene fragment to a corresponding zebrafish
RDH gene. RDH genes shown in boxes are those in which full length of the amino acid sequences were
determined. (B) Relative mRNA expression levels of RDHs in the carp retina and the RPE. The mRNA
expression levels of RDHs relative to that of short chain dehydrogenase/reductase (retSDR1) in the retina were
determined with a semi-quantitative RT-PCR reaction. To compare the levels between the retina and the RPE,
the expression levels were normalized by the amount of 18S ribosomal RNA in each tissue. Error bars show
standard deviations determined in three independent preparations (two determinations in each preparation).
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Expression levels and Distribution of RDH8, RDH8L2 and RDH13 in Rods and Cones
To determine which subtype of RDH is responsible for the RDH activities in the OS
and in the IS, first | quantified the amount of each subtype in the OS and the IS of rods and

cones. For this, | raised specific antiserum against each subtype (Figure 13A and 13B). |t
was found with immunoblots that all of the three subtypes are present in the membrane
fraction of rods and cones (Figure 13C). By using purified rods and cones, the contents of
the RDHs in the preparations were quantified by immunoblot analyses with known amounts
of RDHs as standards (Figure 13D and 13E, but in Figure 13E, only the resuit of RDH8 in
purified rods is shown as an example). The summarized result of the content of RDHS,
RDH8L2 and RDH13 in rods and cones is shown in Figure 13F, where the content is
expressed in the unit of per rod or cone. It was found that all of the these subtypes of RDH
are expressed much more abundantly in cones.

Furthermore, the reiative distributions of the RDHs in the OS and the IS of rods and
cones were determined. In this determination, by using the OS- and the IS-rich samples
together with purified rods and cones as used in the study shown in Figure 11, the contents
of the RDHs in these preparations were quantified (Figure 14A and 14C; in each figure,
only the quantification of RDH8 is shown in the lower panel). Based on these relative
distributions (Figure 14B and 14D) and the total contents of the three RDHs (Figure 13F),
the total number of each RDH molecule in the OS and the IS of rods and cones was
calculated.

The summarized result of the content of RDH8, RDH8L2 and RDH13 in the OS and
the IS of rods and cones is shown in Figure 14E, where the content is expressed in the unit
of per OS or IS. It was found that (i) all the RDHs were 5-40 times more abundant in cones
than in rods, (ji) in both rods and cones, RDH8 localizes a]most exclusively in the OS, (jii)
among RDHs, RDH8L2 was the most abundant RDH in both rods and cones, and (iv)
RDH8L2 and RDH13 localize predominantly ih the IS. The localization of RDH8 and
RDH13 is similar to that previously reported in primates (Rattner et al., 2000; Haeseleer et
al., 2002). Carp RDHS8L2 is one of the RDH8 homologs, but localizes in the IS unlike other
vertebrate RDHSs.
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Figure 13. Relative distribution of RDH8, RDH8L2 and RDH13 in the OS and the IS of rods and cones.
(A) RDH partial peptides used for immunization. Anti-RDH8, RDH8L2 and RDH 13 antisera were raised against
each purified GST-fused peptide in mice. (B) Specificity of antiserum used. Antiserum against each RDH was
raised, and its specificity was checked by recombinant RDH expressed in Sf9 cells. Eighty fmols of each RDH
in ST cells were applied in each lane. (C) SDS-PAGE pattern (left panel) and immunoblots of purified rods and
cones (the rest of three panels). Rods containing 400 pmols of visual pigment or cones containing 20 pmols of
visual pigment were homogenized and centrifuged. Both the precipitated membrane fraction (ppt) and the
supernatant soluble fraction (sup) were applied to SDS-PAGE (left). Rod and cone proteins were probed with
the antiserum raised against RDH8 (middle left), RDH8L2 (middle right) and RDH13 (right). (D) Estimation of
the contents of the three RDH subtypes in rods and cones. The immunoblot signals of the three RDH subtypes
in rods and cones and the signal of recombinant RDHs (recRDHs) as standards (see Experimental
Procedures) were detected. (E) The calibration curve of each RDH subtype was obtained from the signals of
standard recombinant proteins shown in (D). The signals from standards (open circles) and the eye-fitted
calibration curve for RDH8 are shown as an example. The content in the sup and the ppt fraction was
quantified by using the calibration curve (filled circle). Signal of RDHS in the sup fraction was not detected. (F)
Summary of the expression levels of RDH8, RDH8L2 and RDH13 in rods and cones. From the quantification
shown in (D) and (E), the expression levels of three major RDHs were determined (n=5-12).
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Figure 14. Distribution of RDH8, RDH8L2 and RDH13 in the OS and the IS of rods and cones. (A)
Determination of expression levels of RDHs in the ROS and the RIS. (Upper) The ROS-rich, purified rod and
the RIS-rich preparation all containing 75 pmols of visual pigment, together with their recombinant standard
proteins of known amounts were immunoblotted. (Lower) From the calibration curve obtained from the
standard proteins, the amounts of RDH8 in the OS-rich, purified rod and the IS-rich preparation were
determined. In this example, the content of the IS to the OS is shown in the parentheses. (B) Relative
distribution of RDH8, RDH8L2 and RDH13 in the OS and the IS of rods (n=4). (C) Similar as in (A) except that
the cone OS-rich, purified cone and the cone IS-rich preparation all containing 5 pmols of visual pigment were
used. (D) Relative distribution of RDH8, RDH8L2 and RDH13 in the OS and the IS of cones (n=4). (E)
Summary of the expression levels of RDH8, RDH8L2 and RDH13 in the OS and the IS of rods and cones.
From the contents shown in (Figure 13F) and the relative distributions shown in (B) and (D), the expression
levels of three major RDHs were determined (n=4).
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RDH8 Contributes to the Highly Efficient All-trans Retinal Reduction in the Cone

Outer Segment
As shown, all the three subtypes of RDHs (RDH8, RDH8L2, and RDH13) are

expressed in rods and cones. The specific activities of these RDHs were measured by
using recombinant RDH proteins expressed in HEK293 cells (Figure 15). The
expression of RDH in HEK293 cells was confirmed by immunoblot analysis with
specific antiserum (Figure 15A). Recombinant RDHs in the membrane fraction were
used for the assay, and their contents were measured by immunoblot analysis. The
specific activities of RDH8, RDH8L2 and RDH13, thus, obtained were 27.8 + 10.1, 1.9
+ 0.9, and 1.5 + 0.3 molecules of atROL formed/RDH molecule-sec, respectively
(Figure 15B). The specific activity of RDH8 was >10 times higher than those of the
others. The RDH activity was not detected in control HEK293 cells transfected with
the empty vector.

Because | now know both the specific activity of each single RDH molecule
(Figure 15B) and the number of each RDH molecule expressed in the OS and the IS
of rods and cones (Figure 14E), | can simply calculate the total RDH activities in the
OS and the IS of rods and cones (Figure 15C and 15D). The calculated results
(colored bars in Figure 15C and 15D) are consistent with the RDH activities
determined in the OS- and the IS-rich preparations in Figure 11B and 11D (re-drawn
as black bars in Figure 15C and 15D), and showed that the activity in the OS is
predominantly due to RDH8 (red area), and that the activity in the IS is mainly due to
RDH8L2 (white area) in both rods and cones.
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Figure 15. Specific activities of RDH8, RDH8L2 and RDH13, and their contribution to the RDH activities
in the OS and the IS of rods and cones. (A) Immunoblots of HEK293 cells expressing the recombinant
RDHs. HEK293 cells transfected with an empty vector (Control in each panel), vectors expressing RDH8 (Left),
RDH8L2 (Middle), or RDH13 (Right), and the rod or cone membrane fraction (rod ppt and cone ppt,
respectively, in each panel) were electrophoresed and detected with anti-RDH8 (Left), anti-RDH8L2 (Middle)
and anti-RDH13 (Right) antiserum. (B) Specific RDH activities of recombinant RDH8, RDH8L2 and RDH13
expressed in HEK293 cells. Error bars show standard deviations (n=3-6). (C, D) RDH activities in the OS and
the IS of rods (C) and cones (D) calculated from the specific activity (B) and the distribution (Figure 14E) of
each RDH (colored bars). Black bars show the RDH activities determined in the OS- and the IS-rich
preparations in Figure 11B and 11D.

11-cis Retinal _is _synthesized from 11-cis Retinol with a Retinal-Retinol Redox

Coupling

It is known that visual pigments are regenerated after addition of 11-cis retinol in
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isolated cones, but not in rods (Jones et al., 1989). It suggests that cones have a
mechanism to convert 11-cis retinol to 11-cis retinal. It has been reported that 11-cis retinol
is converted to 11-cis retinal in the presence of NADP* in a éone—dominant retina. This
result suggests that NADP*-dependent 11-cis retinol dehydrogenase is present in cones
(Mata et al., 2002). This 11-cis retinol conversion in cones is thought to be necessary for a
cone-specific visual cycle that should support highly efficient pigment regeneration in cones.
However, as shown in Figure 7B, at least in our purified carp cones, production of 11-cis
retinal from 11-cis retinol was not so effective.

Oxidation of retinol to retinal by RDHs is always coupled with reduction of a cofactor,
NADP* (Figure 16 upper). It is possible that, instead of NADP®, other chemicals, for
example, all-trans retinal could substitute the role of NADP* (Figure 16 lower). To test this
possibility, | measured the conversion of 11-cis retinol to 11-cis retinal in the rod and cone

lysates in the presence of all-trans retinal but in the absence of NADP*.

- RDHs
11-cis retingl — \: 11-cis retinal

NADP* NADPH

11-cis reting| / \: 11-cis retinal

all-trans retinal all-trans reting|

Figure 16. Reaction scheme of oxidation of 11-c/s retinol to 11-cis retinal. (upper) Oxidation of 11-cis
retinol to 11-cis retinal is accompanied by reduction of NADP*to NADPH. RDH reaction requires NADP* as a
cofactor. (lower) Hypothesized oxidation of 11-cis retinol is accompanied by reduction of all-trans retinal to
all-trans retinol. Oxidation of alcohol requires reduction of aldehyde.

In Figure 17, the reaction products were analyzed by HPLC. It was evident that after
10 min incubation in the cone lysate (lower panel in Figure 17B), two peaks of 11-cis retinal
(red arrowhead) and two peaks of 13-cis retinal (open arrowhead) were newly formed.
Further, all-trans retinol (blue arrowhead) was additionally formed. Because retinals were

detected in the form of oximes, there are two syn- (s) and antr (a) stereo-isomers. Similar
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studies were performed by using rod lysate (Figure 17C), but 11-cis retinal was not
produced. These results showed that 11-cis retinal was produced specifically in cones.

Therefore, | examined this reaction in detail.

A standard
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J13(ZRAL(S) 11cROL
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Figure 17. HPLC analysis of retinoids in cones and rods in the presence of both 11-cis retinol and
all-trans retinal. (A) Arepresentative HPLC chromatogram of retinal-oxime and retinol standards: 11cRAL(s/a),
syrr/anti-11-cis retinal oxime; atRAL(s/a), syn-/anti-all-trans retinal oxime; 13cRAL(s/a), syrn-/anti-13-cis retinal
oxime; 11cROL, 11-cis retinol; atROL, all-trans retinol. (B) A representative HPLC chromatogram of retinoids
extracted from cone lysate incubated with 11-cis retinol and all-trans retinal for 0 min (upper) and 10 min (lower).
Note that the peaks of 11-cis retinal oximes (red arrowhead), 13-cis retinal oximes (white arrowhead) and
all-trans retinol (blue arrowhead) are additionally detected in the lower panel. (C) Similar as in (A) except that
the rod lysate was used. Note that the peaks of 13-cis retinal oximes (open arrowhead) are additionally
detected in the lower panel.
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Figure 18. Formation of 11-cis retinal from 11-cis retinol in the absence of NADP" in cones. (A) Time
course of thermal isomerization of 11-cis retinol (11cROL) to all-trans retinol (atROL) in the cone lysate (n=5).
(B) Time course of thermal isomerization of all-trans retinal (atRAL) to 13-cis retinal (13cRAL) in the cone lysate
(n=3). (C) Time course of retinoids formation in the cone lysate in the presence of both 11-cis retinol and
all-trans retinal (n=5). (D) Net effect of the coexistence of 11-cis retinol and all-trans retinal. The amounts of
thermally isomerized products in (A) and (B) were subtracted from those in (C) to calculate the extra formation
of 11-cis retinal, all-trans retinol and 13-cis retinal. Note that 11-cis retinal and all-trans retinol were formed with
a 1:1 stoichiometry. (E, F) Initial rates of retinoid formation in the presence of both 11-cis retinol and all-trans
retinal in the cone lysate (E) and the rod lysate (F). The rates were determined from the amounts of retinoids
formed at 5 min after the initiation of the reaction (n=5 for cones and n=3 for rods). (G) Reaction scheme in the
cone lysate with addition of 11-cis retinol and all-trans retinal. See text for details. (H) Effect of heat treatment on
the formation of 11-cis retinal from 11-cis retinol in the presence of all-trans retinal. The amount of formed
retinoid in the presence of both 11-cis retinol and all-trans retinal was determined in the cone lysate that was
treated with or without heat (+heat (65 °C for 5 min) and -heat) (n=3 for +heat, and n=>5 for -heat).
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It has been shown that retinoids are thermally isomerized significantly in the presence
of rod membranes (Groenendijk et al., 1980; Shimizu et al., 1998). | confirmed it in the
presence of the cone lysate: 11-cis retinol was isomerized almost exclusively to all-trans
retinol (Figure 18A), and all-trans retinal was also exclusively isomerized to 13-cis retinal
(Figure 18B). In these measurements, 11-cis forms were not detected. When 11-cis retinol
and all-trans retinal were added simultaneously to the cone lysate, 11-cis retinal was
additionally formed (Figure 18C, red line). In addition, all-trans retinol was also formed in a
corresponding amount (compare blue lines in Figure 18A and 18C). The net effect of the
presence of both 11-cis retinol and all-trans retinal was obtained by subtraction of the
control values shown in Figure 18A and 18B from the values shown in Figure 18C, which is
shown in Figure 16D. It was evident that 11-cis retinal and all-trans retinol were newly
produced in the presence of 11-cis retinol and all-trans retinal. The stoichiometry of the
formation of 11-cis retinal and all-trans retinol was close to 1:1 (compare white bar and red
bar in Figure 18E). Figure 18G shows all of reactions of retinoids in cone lysate with
addition of 11-cis retinol and all-trans retinal. This result strongly suggests that, in cones,
11-cis retinol can be oxidized to 11-cis retinal accompanied by the reduction of all-trans
retinal to all-trans retinol. This retinal-retinol redox coupling reaction (ALOL coupling) was
not observed in the rod lysate (Figure 18F). The cone lysate treated with heat showed little
this activity (Figure 18H), which suggested that the ALOL coupling is an enzymatic reaction.

To examine physiological relevance of this coupling, | examined whether all-trans
retinal produced by light can participate in the ALOL coupling when exogenous 11-cis
retinol is supplied (‘Figure 19A).' The exogenous 11-cis retinol (A1 11-cis retinol) and the
endogenous all-trans 3,4-didehydroretinal (A2 all-frans retinal; the chromophore of visual
pigment in carp is vitamin A2-based 11-cis retinal) were used for this visual pigment
regeneration assay (Figure 19A). The endogenous A2 all-trans retinal was formed by
illumination of light. First, | measured the absorption spectrum of red cone pigment in a carp
membrane preparation (Figure 19B, grey dotted line) as described (Tachibanaki et al.,
2001), and using the bleached cone membranes, | observed the visual pigment
regeneration as a control by adding excess amount of A1 11-cis retinal as a control (blue
line). The shift of the peak was due to the difference of the chromophore type, A2 11-cis
retinal (Amax= ~620nm) or A1 11-cis retinal (Anax=~570nm).
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Figure 19. Visual pigment regeneration by ALOL coupling reaction. (A) Reaction scheme in the cone
lysate under the condition of visual pigment regeneration assay. See text for details. (B) Difference absorption
spectra of red cone pigment regenerated under the various conditions (see text). The spectra were measured
by the partial bleach method (see Experimental Procedures).

The native cone membranes having A2 11-cis retinal were illuminated, and as a
consequence, A2 all-frans retinal should have been formed and released from the
bleached pigment. When A1 11-cis retinol was added to these membranes, as expected,
visual pigment was regenerated (red line). Although the regeneration was about 70% of the
control measurement (blue line), it was evident that 11-cis retinal was produced most
probably by the ALOL coupling with the endogenous all-trans retinal released from the
bleached pigment. Similar percentage of pigment regeneration was observed when |
added 11-cis retinal of the amount calculated to be the same to that of endogenously
formed all-trans retinal (blue dotted line). Pigment regeneration was not observed without
addition of 11-cis retinol (black line), with addition of 11-cis retinol after removal of all-trans
retinal by NHOH (orange line), or with addition of 11-cis retinol after all-trans retinal was
converted to all-trans retinol by endogenous RDHs in the presence of NADPH (green line).
This regeneration assay confirmed that the ALOL coupling is a potential mechanism that

may play a crucial role in the cone visual cycle. Figure 20 summarizes the kinetic
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parameters of the RDH reactions and the ALOL coupling reaction in rods and cones. The
K value for all-frans retinal of the ALOL coupling in cones was several times larger than
that of RDH reaction in cones, and the Vmax Was several times smaller in the coupling

reaction.
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Figure 20. Kinetics of the RDH and the ALOL coupling reaction in photoreceptors. (Left) All-trans retinal
dose-dependence of the RDH activities in rods and cones (black) and the ALOL coupling activity in cones (red).
(Right) Summary of the kinetic parameters of the RDH and the ALOL coupling reaction in rods and cones. The
parameters were determined for the reduction of all-trans retinal to all-trans retinol (n=3). The RDH activities
were measured at various concentrations of all-frans retinal with 200 uM NADPH (saturating concentration)
and the activity of the ALOL coupling was measured at various concentrations of all-trans retinal with 250 uM
11-cis retinol (saturating concentration). The NADPH or 11-cis retinol shown in parentheses oxidized
accompanied by reduction of all-frans retinal to all-trans retinol.
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Discussion

In the present study, | showed that the RDH activity is ~30 times higher in the OS in
cones than in rods (Figure 11). This higher activity in the cone OS is due to a higher
expression level of RDH8, a highly potent RDH, in cones (Figures 14 and 15). In the IS,
RHD8L2 is the major RDH in both rods and cones (Figures 14 and 15). | further
demonstrated that there is a cone-specific. mechanism that can oxidize 11-cis retinol to
11-cis retinal with a coupling reaction between reduction of all-trans retinal and oxidation of

11-cis retinol (ALOL coupling, Figure 18).

Physiological Relevance of the Measured RDH activity
In the legend to Figure 11E, | showed that the reducing activity of all-trans retinal is

2.4 + 0.3 x 10° molecules atROL/pigment-sec in the ROS and 7.9 + 0.9 x 10 molecules
atROL/pigment-sec in COS, or 7.2 + 0.9 uM atROL/sec in the ROS and 240 + 30 uM
atROL/sec in the COS assuming that the visual pigment concentration in the OS in both
rods and cones is 3 mM (Harosi, 1975). The activity was 33 times higher in the COS than in
the ROS. These values show that after 100% bleach of visual pigment molecules, a half of
all-trans retinal is converted to its alcohol at about 5 min in the ROS and 8.5 sec in the COS.
In living rods and cones, the formation of all-trans retinol after bleach was measured
(AIa-LauriIa‘et al., 2006). The times necessary for the half conversion of all-trans retinal to
its alcohol, which were calculated from their results, were 6.4 min in the ROS and 16 sec in
the COS. Although these are the values that were obtained in the overall reaction including
both the decay of the bleaching intermediate of visual pigment and reduction of all-trans
retinal, the results of our in vitro measurements of the RDH activity are consistent with
those measured in living tiger salamander rods and cones. Because NADP* has an
inhibitory effect on the reduction of all-frans retinal (Nicotra and Livrea, 1982) and is present
in the amount of approximately 4 times excess than NADPH in monkey and rabbit ROS
(Matschinsky, 1968), the slightly lower rate of the reduction of all-trans rétinal in living cells
may be due to the presence of NADP*.

The RDH activities measured in the present study can be expressed in other ways:
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based on the OS RDH activity, the production of all-frans retinal by light and its conversion
to all-trahs retinol is approximately balanced at the intensity of light bleaching 0.24% of
pigment/sec in rods and that bleaching 7.9% of pigment/sec in cones. These intensities of
light seem to be above the range where rods and cones normally operate. Therefore, the
RDH activity in the OS seems to be high enough for both rods and cones to work under
normal conditions.

| measured the maximal RDH activity in purified carp rods and cones. One question
was whether NADPH necessary for the reduction of all-trans retinal by RDHs is sufficiently
present to exert the maximal RDH activity in a living cell. NADPH is produced in the OS
mainly in the pathway of glucose metabolism (Hsu and Molday, 1994). It is thought that, in
the OS, there is a pool of NADPH that may correspond about 10% of the visual pigment in
the dark state (Ala-Laurila et al., 2006). After this pool is exhausted, the rate of the all-trans
retinal reduction is limited by the rate of NADPH supply (Tsina et al., 2004).

The rate of NADPH production in the bovine ROS under optimal in vitro conditions is
40 nmols/min/mg of total ROS protein (Hsu and Molday, 1994). Assuming that a single
bovine ROS contained approximately 16—20 nmols of rod pigment/mg of total ROS protein
(Wald and Brown, 1953) and that the pigment concentration is 3 mM (Harosi, 1975), the
rate of NADPH production is calculated to be 110 UM ((40 nmols/18 nmols/60 sec) x 3 mM)
NADPH formed/sec. The reduction of one all-trans retinal molecule requires one NADPH
molecule. Because our estimation of the maximal RDH activity was 7.2 + 0.9 uM atROL
formed/sec in the ROS (Figure 11, and see above), the rate of NADPH generation is
sufficient to support the reduction of all-trans retinol in the ROS. The: reducing activity of
RDH in the COS (240 + 30 uM atROL formed/sec; Figure 11) is 2 times higher than the
NADPH supply rate determined in the ROS (110 uM NADPH formed/sec, see above). This
result may suggest that NADPH supply is more efficient in the kCOS than in the ROS.

Possible Role of Each Subtype of RDH in Photoreceptors '
| identified RDH8, RDH8L2 and RDH13 as major RDHs expressed in photoreceptors

(Figure 12). RDH8 was predominantly expressed in the OS and RDH8L2 was expressed
significantly in the OS but mainly in the IS in both rods and cones (Figure 14). RDH13 was

31



expressed mostly in the IS in both rods and cones (Figure 14). These site-specific
expressions of these RDHs are probably related to their roles in rods and cones.

RDH8 accounted for > 80 % of the OS RDH activity (84% in the ROS, and 95% in
the COS; Figure 15C and 15D), and therefore, it is the major RDH responsible for the
reduction of all-trans retinal in the OS. However, genetical deletion of the RDH8 gene
caused only a mild phenotype alteration of delayed dark adaptaﬁon (Maeda et al., 2005).
No RDH8 mutations have yet been identified in patients with retinal diseases. It séems that
the deletion of RDH8 could be compensated by overexpression of other RDHs.

RDHB8L2 localized in the IS, and accounted for most of the RDH activity in the IS of
rods and cones (Figure 15C and 15D). The total expression level was about 7 times higher
in cones. However, because the IS volume is correspondingly larger in cones than in rods
(my rough estimate of the ratio of the CIS volume to the RIS volume in my carp preparation
was ~13; CIS/RIS=448/35 um?), the concentration of RDH8L2 in the IS could be similar
between rods and cones. The K., value for all-trans retinal of the RDH reaction was similar
between RDH8 and RDHB8L2 expressed in HEK293 cells (7.2 + 0.8 and 5.0 + 2.8 uM,
respectively), but the specific activity of RDH8L2 was much lower than that of RDH8
(Figure 15B). This result strongly suggests that the physiologically relévant substrate of
RDHS8L2 may not be retinal. In the mammalian retina, RDH12 is abundant in the IS and
accounts for 30% of the activity of all-trans retinal reduction in the eye (Haeseleer et al.,
2002; Maeda et al., 2007). Interestingly, RDH12 shows reducing activity not only toward
all-trans retinal but also toward medium-chain peroxidic aldehydes, such as nonanal,
trans-2-nonenal and 4-hydroxynonenal (Belyaeva et al., 2005; Lee et al.,, 2008). These
substrates are toxic to cells and lead to cell death for their ability to form lipid peroxidation
products and A-retinylidene-N-retinylethanolamine (A2E), a major lipofuscin component
(Eldred and Lasky, 1993; Sakai et al., 1996). | assume that carp RDH8L2 plays a similar
role as mammalian RDH12 in the IS.

RDH13 localized in the IS, but accounted for a little of the RDH activity in the IS.
Similarly as in the case of RDH8L2, the total expression level of RDH13 is several times
higher in the CIS than in the RIS (Figure 14E), which would be because of a larger volume
of the CIS. Therefore, the concentration of RDH13 could be similar between the RIS and
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the CIS. The specific activity of RDH13 was much lower than that of RDH8 (Figure 15B). It
has been reported that RDH13 is present in mitochondria in prostate cancer LNCaP cells
(Belyaeva et al., 2008), but its function is not clear yet.

Cone-specific Retinal-Retinol Redox Coupling Reaction
11-cis retinal is directly supplied from the RPE to the OS of rods and cones. As

discussed by Mata et al. (2002), this supply does not seem to fully support the amount of
11-cis retinal necessary to regenerate pigment in cones which function under bright light.
The supply of 11-cis retinal from the RPE is estimated to be 28 pmols per minute per eye in
chicken (Mata et al., 2002). From our determination, one carp retina contained 4.04 + 1.84
nmols (n=7) of rod pigment and 0.04 nmols of cone pigment (cone cells contain 1/50 of rod
cells in retinal homogenate). Assuming that a similar amount of 11-cis retinal is supplied
from the RPE in carp as in chicken, its supply to each visual pigment in carp is calculated to
be 1.1 x 10* 11-cis retinal/pigment-sec (28 pmols/4.08 nmols/60sec). Based on this
calculation, the rate of supply of 11-cis retinal from the RPE to carp retina becomes
insufficient when cones are exposed to light bleaching >0.01% of visual pigment bleached
/sec, above which intensities cones operate normally (for example, see Burkhardt, 1994).
This rate, however, could be overestimated in cones because the position of the COS is
further away from the RPE than the ROS under light-adapted conditions.

Mdller cells can produce 11-cis retinol, and cones can be regenerated by application
of 11-cis retinol. Based on these facts, it has been proposed that 11-cis retinol supplied from
Muller cells is converted to 11-cis retinal in cones and that this mechanism is a
cone-specific additional visual cycle pathway to provide 11-cis retinal to cones effectively
(Mata et al., 2002; Muniz et al., 2007). It has been postulated that 11-cis retinol
dehydrogenase, which converts 11-cis retinol to its retinal in the presence of NADP*, is
responsible for this reaction.

In the present study, however, as | showed in Figure 7B, this activity was low in
purified carp cones. The rate was 0.065 + 0.020 amols 11-cis retinal/cone-sec. In the
presence of NAD", instead of NADP*, the conversion of 11-cis retinol to 11-cis retinal was 4

times less effective than in the presence of NADP". In contrast to this low activity, the higher
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rate of the conversion of 11-cis retinol to 11-cis retinal was observed by the ALOL coupling
in the absence of the cofactor, NADP*: the rate was 3.5 + 0.3 amols of 11-cis retinal (equal
to all-trans retinol) formed/cone-sec (Figure 20) and it was 50 (3.5/0.065) times higher than
the rate of production of 11-cis retinal attained by the postulated 11-cis retinol
dehydrogenase activity. Therefore, the ALOL coupling is a very effective mechanism to
produce 11-cis retinal from its retinol that is supplied from Milller cells.

If the activity of the ALOL coupling all resides in the COS, the maximal raté of
coupling is equal to 0.027 + 0.002 11-cis retinal formed/pigment-sec. At the maximal rate of
production of 11-cis retinal by the coupling, the activity is >240 times (0.027/(1.1 x 10%)
higher than the éupply of 11-cis retinal from the RPE. The rate of the supply of 11-cis retinal
by the coupling suggests that the supply is sufficient up to the light intensity bleaching 2.7%
of pigment/sec. |

Although the ALOL coupling provides 11-cis retinal in cones very effectively, this
mechanism probably functions only under bright light. As shown in Figure 20, the Ky, of this
reaction to all-trans retinal is rather high (33 uM). All-trans retinal released from opsin after
bleach probably binds to the cone membranes, and therefore, the local concentration of
all-trans retinal could be higher than that calculated simply from the intensity of bleaching
light and the pigment concentration in cones. The fact that visual pigment was regenerated
by using endogenously produced A2 all-trans retinal (Figure 19) suggests that it could be
the case. However, even if it is the case, the concentration of all-trans retinal would be still
lower than its K, value when the light intensity is low. | speculate that under these
conditions, the supply of 11-cis retinal from the RPE is the main pathway and that the ALOL
coupling becomes a major reaction when the light intensity increased to produce a large
amount of all-trans retinal. The ALOL coupling does not require NADP* for the oxidation of
11-cis retinol, which suggests that cone pigments can be regenerated even when this
cofactor, which is produced in the OS in an energy-dependent way (Hsu and Molday, 1994),
runs out in the COS.

On the other hand, 11-cis retinol is also necessary for the ALOL coupling. | roughly
quantified the amount of 11-cis retinol in the purified cones and rods by retinoid analysis
with HPLC. Assuming that the pigment concentration is 3mM (Harosi, 1975), 11-cis retinol
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concentration is calculated to be tens of times higher in cones than in rods, 800 uM (n=1) in
cones and 20 uM (n=2) in rods. This result suggested that 11-cis retinol is transported from
the Miiller cells much preferably to cones, and that the coupling reaction probably could
function as a mechanism to supply 11-cis retinal to cone opsin. |

| showed that the reduction of all-trans retinal and the oxidation of 11-cis retinol are
coupled with 1:1 stoichiometry (Figure 18D and 18E). Because 11-cis retinal is necessary
for visual pigment regeneration and all-trans retinal is toxic to cells, the coupling reaction
would be very useful for photoreceptor cells to remove toxic aldehyde. |

Figure 21 summarizes the visual cycle for rods and cones. The cycle for rods (left) is
adopted from those suggested previously (McBee et al., 2001; Lamb and Pugh, 2004), and
that for cones (right) was drawn based on the scheme similar to that for rods with addition
of our present finding (red and blue arrows). |

As | showed in the present study, the ALOL coupling is probably catalyzed by an
enzyme, because the activity was lost by heat treatment (Figure 18H). This activity is
present in the cone membranes. The entity of this enzyme has not been identified yet.
Because the dissociation constants of 11-cis and édl-trans retinoids are different (Figure 7B),
this reaction is not due to NADP*/NADPH-dependent RDHs. In fact, in the absence of
NADP*/NADPH, this coupling reaction was observed. Furthermore, our expressed RDHS,
RDH8L2, RDH13, or RPE containing RDH5 abundantly did not show this activity (data not
shown). It could be the case that the enzyme is the one that has not been known previously
or that the known RDHs require a protein(s) that is expressed specifically in cones. |

There are many other issues to be answered. For example, the transport mechanism
of 11-cis retinol from Mdller cells to cones, is not known. It is only assumed that
Interphotoreceptor retinol binding protein (IRBP) has a role to transport 11-cis retinol.
Because Muller cells are present in the proximal part of the outer limiting membrane, they
are spatially not close to cone outer segment. On the other hand, the site where cone
pigment is regenerated is the cone outer segment. It is not known yet to which part of cones
11-cis retinol is transported and in which part of cones the ALOL coupling takes place.

Further studies are obviously required to clarify these issues.
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Figure 21. Proposed model of rod and cone visual cycle. The present study proposed the details of two
steps of visual cycle. Firstly, all-trans retinal detached from opsin is reduced by RDH8 to all-trans retinol in rods
and cones (red arrow). Secondly, 11-cis retinol supplied from Midiller cells is converted to 11-cis retinal by the
ALOL coupling reaction without a cofactor, NADP* (blue arrow). See text for details.
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Experimental Procedures

Purification of Rod and Cone Photoreceptor Cells
Carp (Cyprinus carpio) rods and cones were isolated as described (Tachibanaki et al.,

2005). The collected rods and cones were washed additionally with a K-gluconate (K-gluc)
buffer (115 mM K-gluc, 2.5 mM KCI, 2 mM MgCl,, 0.2 mM EGTA, 0.1mM CaCl,, 1 mM DTT,
10mM Hepes, pH7.5) by centrifugation (600 x g for 12 sec, and then 3000 x g for 4 sec). In
most of purified rods and cones (both >90%), the inner segment (IS) was attached to the
outer segment (OS). The purified rods and cones lacked nucleus and terminal regions.

Preparation of Outer Segment-Rich and Inner Seqment-Rich Rods and Cones
To prepare a rod outer segment (ROS)-rich and inner segment (RIS)-rich samples,

purified rods were suspended in a Ringer’s solution (119.9 mM NaCl, 2.6mM KCI, 0.5 mM
CaCl,, 0.5 mM MgCl,, 0.5 mM MgSO,, 1 mM NaHCQ3;, 16 mM glucose, 0.5 mM NaH,POy4, 4
mM Hepes, pH 7.5) and passed through a 27-gauge needle several times with a 1-ml syringe
to mechanically detach the OS from the IS. The suspension was layered on the top of a
stepwise Percoll density gradient (30/45/60/90% (w/v)) and centrifuged at 10,000 x g for 20
min. At the interface between 30% and 45% Percoll, ROSs with or without RIS were found.
This fraction was collected as the ROS-rich fraction. At the interface between 45% and 60%
Percoll, RISs with or without ROS were found. This fraction was collected as the RIS-rich
fraction. Each fraction was washed with the Ringer’s solution and additionally with a
K-gluconate (K-gluc) buffer, similar to purified rods and cones as described (Tachibanaki et al.,
2005).

The purified cones were similarly passed through a 27-gauge needle. The suspension
was centrifuged at 600 x g for 1 min. The cone outer segment (COS)-rich fraction was
obtained as the supematant, and the cone inner segment (CIS)-rich fraction was obtained as
the precipitate. The COS-rich fraction was further centrifuged (124,000 x g for 20 min) to
condense the fraction. The visual pigment content and the dehydrogenase activity were also
measured.

The content of the IS in OS- and IS-rich preparations was estimated by comparing the
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activity of mitochondrial succinate dehydrogenase (see below) as a marker of the IS and the
amount of visual pigment as a marker of the OS. The ratio of IS/OS in the purified rod or cone
preparation was taken to be 1, because most of purified rods and cones possessed both the
OS and the IS (see above).

All of the preparations were frozen with liquid nitrogen and then stored in the dark at
-80 °C until use.

Measurement of Succinate Dehydrogenase Activity in Rod and Cone Preparations

The measurement of succinate dehydrogenase (SDH) activity was carried out as
described (Ackrell et al., 1978) with slight modifications. A rod or a cone preparation was
suspended in 200 ul of Tris-HCI buffer (20 mM Tris, 0.1 mM EDTA, pH 7.5). The lysate
contained 0.3-1 uM rod pigment or 0.003-0.04 ./M cone pigment. SDH assay was initiated by
adding 50 ul of 200 mM sodium succinate (pH 7.5) and 10 ul of 10 mM potassium
ferricyanide, and the mixture was incubated at 25 °C. The absorbance decrease by reduction
of ferricyanide by SDH was measured at 420 nm. The activity was determined at 200-500
seconds after the ferricyanide addition, and is expressed as the rate of reduction of
ferricyanide in units of fmols of ferricyanide reduced per OS per second.

Preparation of Retinoids
All-trans retinal and all-trans retinol were purchased from Sigma. 11-cis retinal was

prepared from all-trans retinal as described (Matsumoto et al., 2003) using 880 HPLC System
(JASCO) equipped with a preparative Develosil column (Develosil 60-5, Nomura Chemical).
11-cis retinol was prepared by reduction of 11-cis retinal with NaBH, in ethanol, extracted in
dichloromethane and n-hexane (Suzuki and Makino-Tasaka, 1983), and purified by HPLC
with the method used for identification of retinal and retinol isomers (see below). All the
retinoids were dissolved in ethanol and stored in the dark at -80 °C until use. Their purity was
checked by examining an absorption spectrum (Garwin and Saari, 2000) prior to each

experiment.
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Measurements of Reduction or Oxidation of Retinoids

Purified rods or cones kept at -80 °C were lysed at room temperature and suspended in
100 ul of the K-gluc buffer. The lysate contained 0.25-0.5 uM rod pigment or 0.1-0.25 uM
cone pigment. The measurements were caried out as described (Palczewski et al., 1994;
Jang et al., 2000; Sun et al., 2007) with slight modifications. Reduction of all-trans retinal was
initiated by adding 1 ul of NADPH (final concentration, 200 uM) and 1 ul of all-trans retinal
dissolved in ethanol (final concentration, 100 uM) to 100 ul of the sample. The sample was
incubated at room temperature for desired time, and the reaction was terminated by adding
150 ul of ice-chilled methanol. Reduction of 11-cis retinal was carried out similarly. Oxidation of
retinols was initiated by addition of 1 ul of NADP* (final concentration, 200 uM) and 1 ul of
al-trans or 11-cis retinol (final concentration, 100 uM). In the measurement of the
retinal-retinol redox coupling reaction (ALOL coupling, see text), oxidation of 11-cis retinol was
carried out in the absence of NADP*, but in the presence of all-trans retinal under similar
conditions used for the measurements in the presence of NADP*.

Retinols were extracted difecﬂy and retinals were extracted as retinal-oximes after
incubation with 50 mM NHOH on ice for 30 min with dichloromethane and n-hexane as
described (Suzuki and Makino-Tasaka, 1983) with slight modifications. The extract was
dissolved in a hexane solution containing 5% (v/V) tert-butyimethylether, 25% (v/v) benzene,
0.04% (v/V) ethanol. Each retinoid or retinal-oxime was separated by HPLC using a normal
phase HPLC column (Cosmosil 5SL-lI, Nacalai Tesque) at a flow rate of 0.5 mi/min of the
above hexane solution as described (lrie g;nd Seki, 2002) with a slight modification. The
elution of a retinoid was monitored at 325 qm The isomer type was identified by the retention
time and the absorption spectrum. Retinols were directly quantified and retinals were

quantified as retinal-oximes.

Cloning of RDH Genes
The partial coding region of each RDH was amplified from the carp retinal cONA Iibrary

(Shimauchi-Matsukawa et al., 2005) by PCR with a pair of primers. The sequences of the
primers are shown in Table 1. The nucleotide sequences of the RDH cDNA clones were
determined with an PRISM 3130 Genetic Analyzer (Applied Biosystems).
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For determination of the full-length nucleotide sequences of RDH8, RDH8L2 and
RDH13, DiG-labelled riboprobes were synthesized to screen the carp retinal cDNA library
(GenBank accession numbers: RDH8, AB439579; RDH8L2, AB439580; RDH13,
AB439581).

Table 1. Primers used for RDH cDNA cloning*

Gene name Forward primer Reverse primer
RDH5 ATHCARAARGCNATGGARTGG ARNGCRTGYTCCATRCARTT
RDH8

RDH8L2 | GTNTAYGCNACNATGMG CCYTCNACNGCRAAYTT
RDHS8L3
RDH12
RDH12L
RDH12L2 | GGNATHGGNAARGARAC ACNCCNGCRTTRTTDAT
RDH13
RDH14 -
RDH13L | GGNATHGGNAARGARAC WCRAAYTGCATYTCRAA
rreegg:ﬂ_ GAATTCATGGATCTGAAGGCGC | CTCGAGTCATGTCCGCCCCTTG

*The partial coding region of each RDH was amplified from the carp retinal cDNA by PCR
with a pair of primers shown.

Phylogenetic Analysis

Phylogenetic analysis was carried out as described (Shimauchi-Matsukawa et al., 2005).
Amino acid sequences of the vertebrate RDHs were éligned with Clustal W. A total of 173
confidently aligned residues were used for estimating relationships among the proteins with
the neighbor-joining method using the PHYLIP version 3.5¢ software package. For carp
RDH8, RDH8L2 and RDH13, the entire nucleotide sequences were determined. However,
there were genes that were only partially sequenced, and these genes did not contain the
region used for the comparison. In this case, | used the amino acid sequence of the
corresponding RDH gene of zebrafish for the analysis. The amino acid identity was
determined by comparing the sequenced region of the carp gene and the corresponding
region of the zebrafish gene. The vertebrate RDHs used are shown in Table 2.
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Table 2. Vertebrate RDHs used for phylogenetic analysis

Species F;la”r“;';‘A Accession number Definition in the DDBJ
RDH8 | AB439579 retinol dehydrogenase 8
carp RDH8L2 | AB439580 retinol dehydrogenase 8 like 2
RDH13 | AB439581 retinol dehydrogenase 13
RDH5 | NP_001025272 retinol dehydrogenase 5
RDH8 | NP_957001 retinol dehydrogenase 8
RDHBL | NP_957082 retinol dehydrogenase 8 like
RDH8L2 | XP_684476 PREDICTED: similar to MGC84258 protein
RDH8L3 | NP_001018379 hypothetical protein LOC553564
RDH12 | NP_001002325 retinol dehydrogenase 12 (all-trans and 9-Cis)
zebrafish | RDH12L | NP_001009912 retinol dehydrogenase 12, like
RDH12L2 | NP_001018519 hypothetical protein LOC553712
RDH13 | XP_691526 PREDICTED: hypothetical protein
RDH13L | XP_698537 PREDICTED: similar to LOC407663 protein
RDH14 | NP_001040655 retinol dehydrogenase 14
retSDR1__ | NP_001003477 dehydrogenase/reductase (SDR family) member 3
retSDR1L | NP_001006070 hypothetical protein LOC450050
RDH5 NP_598767 retinol dehydrogenase 5
RDH8 | NP_001025461 retinol dehydrogenase 8
RDH11 [ NP_067532 retinol dehydrogenase 11
mouse RDH12 | NP_084293 retinol dehydrogenase 12 .
RDH13 | NP_780581 retinol dehydrogenase 13 (all-trans and 9-Cis)
RDH14 | NP_076186 alcohol dehydrogenase PAN2 (RDH14)
retSDR1__ | NP_035433 dehydrogenase/reductase (SDR family) member 3
RDH5 | NP_002896 retinol dehydrogenase 5 (11-cis and 9-cis)
RDH8 | NP_056540 retinol dehydrogenase 8 (all-trans)
RDH11 | NP_057110 retinol dehydrogenase 11
human RDH12 | NP 689656 retinol dehydrogenase 12 (all-trans and 9-cis)
RDH13 | NP_612421 retinol dehydrogenase 13
RDH14 | NP_065956 retinol dehydrogenase 14 (all-trans and 9-Cis)
retSDR1__ | NP_004744 dehydrogenase/reductase (SDR family) member 3

Measurement of the Expression Level of RDH mRNA with Real-time RT-PCR

Total RNA was extracted from the retina and the RPE of three individual carp, and
c¢DNA was synthesized as described (Shimauchi-Matsukawa et al., 2005) with a slight
modification. Briefly, after DNase | (Invitrogen) treatment, first-strand cDNA was synthesized
with SuperScript lll (Invitrogen) using 2.5 uM random hexamers. The primers were designed
with Primer Express Software version 2.0 (Applied Biosystems). The primer sequences used

are shown in Table 3.
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Real-time RT-PCR was performed using an ABI PRISM 7300 (Applied Biosystems)
according to the manufacturer’s protocol. All PCR reactions were performed in duplicate using
cDNA obtained from three animals. Control measurements were done in the absence of
reverse transcriptase showed that the levels of genomic DNA contaminants and the formation
of primer-dimers were negligible. Data were calibrated using a standard curve generated from
known amounts of the comresponding DNA obtained by PCR amplification. In each
determination, the ratio of the amount of mRNA of each RDH to that of an endogenous
reference (18S ribosomal RNA) was determined in the retina and the RPE.

Table 3 Primers used for Real-time RT-PCR*

Forward primer Reverse primer
RDH5 GACGATGGACTTCTTGCCTCTT GCAATATCCTCCGCCGTTAG
RDHS8 CGAGCTGGCCACATAATCGT AGAAGCCCTCTATGGCAAACTTAG
RDH8L2 | AGGGCAACTACCCATAGATGCA CATTCTCCTGTGAAATATGCGTAGA
RDHS8L3 ATTGGCCCCATTGAGTGTCA TATCAGGCAGAATCTCCTTCAAGAG
RDH12 CTTTGGATTTGGCCTTTCGA CCACCTACTCGTGTACGGATCTC

RDH12L | AGCCATAAACCTGGCAAAGAGA CTTTACTTCCTTCAGGGCTGCTT
RDH12L2 | AGTCATCATGGCCTGTCGAGAT ATCAAGTTTGTTCGCCACAATG
RDH13 CCACAGGAAATGGCAATGTAGTC | CCAGTCGTTCTTCTGTTGCTATGA

RDH13L | CTGGCCTCCTTGCAGTCTGT GGCACATCATTATCCCAGCATT
RDH14 GGCGGCCCAGGACATC GCAGAAGCTGCGCACAGA
retSDR1 TGCGCGTTGCTTTTTCCT CCAGTGATGAGGACCACATCAG

retSDR1L | TACAAGCAAGCCAAGGTTGTCA CATCACTGTCGAGCAAACTCTTTC
18S rRNA | TCATTCCGATAACGAACGAGACT GTGGCTGAACGCCACTTGT

*Each sequence used for a semi-quantitative RT-PCR reaction was verified by BLAST search

that the sequence is unique to the target RDH.

Preparation of Anti-RDH8, RDH8L2 and RDH13 Polyclonal Sera
Partial sequences of RDH8, RDH8L2 and RDH13 genes coiresponding to 196-318,

192-310 and 282-329 aa residues (Figure 13A), respectively, were cloned into EcoRI-Xhol
sites in pGEX-5X-1 vector (GE Healthcare). The recombinant plasmids coded the N-terminus
GST-fused RDH peptides. They were introduced into E. coli (BL21DES3), and the recombinant
partial peptides were expressed by induction with 1 mM isopropyi-1-thio-B-galactopyranoside
(IPTG) and purified with a glutathione resin column (GE Healthcare). Anti-RDH8, RDH8L2
and RDH13 antisera were raised against the each purified GST fused peptide in mice.
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Quantification of RDH Proteins

Recombinant RDH8, RDH8L2 and RDH13 were used as standards to obtain a
calibration curve in quantification of these RDHs (Figures 13 and 14). RDH8L2 and RDH13
were expressed in E. coli, but RDH8 was expressed in Sf9 cells for a reason shown below.

The coding region of RDH8L2 was cloned into Ncol-BamHI sites in pQE70 vector
(Qiagen). The recombinant plasmid coded the C terminus 6xHis-tag-fused RDH8L2. The
6xHis-tagged RDH8L2 was expressed in E. coli (BL21DE3), purified on a nickel-charged
resin (Ni-NTA agarose, Qiagen), and used for quantification. The coding region of RDH13
was cloned into EcoRI-BamHI sites in pMAL-c2X vector (New England Biolabs). The
recombinant plasmid coded the N-terminus maltose binding protein (MBP)-fused RDH13.
MBP-fused RDH13 was expressed in E. coli and purified on an amylose resin column (New
England Biolabs). The MBP region was removed by Factor Xa (New England Biolabs).

On an SDS-PAGE, the protein band of endogenous RDH8 was close to that of rod
pigment, and was masked with a very heavy band of this pigment. For this, | intended to
obtain a calibration curve in the presence of rod pigment of similar amount present in the rod
sample. At first RDH8 expressed in E. coli as a MBP-fusion protein was used. When MBP
was removed, this E. coli recombinant showed a band at a higher molecular mass on an
SDS-PAGE than that of the endogenous RDH8, and therefore, that of rod pigment. it was
probably because the cleavage by Factor Xa was improperly made. Because of separation of
the protein band of RDH8 expressed in E. coli and that of rod pigment, quantification of
endogenous RDH8 was not possible.

Recombinant RDH8 was then expreésed in Sf9 cells. This recombinant protein was
similar to carp native RDH8 on an SDS-PAGE, and therefore, it could be used for
quantification. The coding region of RDH8 was cloned into EcoRI-Xhal sites in pFastBac1
vector (Invitrogen). To produce baculoviruse, first the pFastBac1 vector was transformed into
DH10Bac competent cells (Invitrogen). Positive clones were selected and the insert was
checked by the PCR method. Sf9 cells (Invitrogen) were transfected with the purified Bacmid
using Cellfectin Reagent (Invitrogen). After transfection, the supematant was collected as a
virus stock. Sf9 cells were cultured in Sf-900 Il SFM (Intitrogen) at 27 °C. Cells were plated on

43



a culture dish of 10 cm diameter and infected with the recombinant baculovirus. Two days
after infection, the cells were collected from one dish, Washed with an ice-chilled
phosphate-buffered saline (2 mM KHzPO4, 10 mM NagHPO,, 137 mM NaCl, 2.7 mM KCl, pH
7.5; PBS) and homogenized in the K-gluc buffer on ice. Cell lysate was used for quantification
of RDH8. RDH8L2 and RDH13 were similarly expressed in Sf9 cells by cloning into
EcoRlI-Xhol sites (RDH8L2) and BamHI-Hindill sites (RDH13) in pFastBac1 vector.

For quantification of RDH8, RDHL2 and RDH13, | detected their immunobilot signals
and compared them with calibration curves made with known amounts of Sf9 recombinant
RDH8 and the E. coli feoombinant RDH8L2 and RDH13. In the case of rods, rod pigment
purified as reported previously (Okano et al., 1989) was added to RDH8 at the same amount

that was present in the rod sample.

Measurement of specific activities of RDH8, RDH8L2 and RDH13
In previous studies, RDH activities in recombinant proteins were measured with

proteins expressed in HEK293 cells (Jang et al., 2000; Sun et al., 2007). In our present study,
| also used RDH8, RDH8L2 and RDH13 expressed in this culture cell line. The coding region
of RDH8, RDH8L2 or RDH13 was cloned into EcoRI-Xhol, Kpnl-BamHI or Noll-Sal sites in a
pEF-BOS-EX vector, respectively (Mizushima and Nagata, 1990). HEK293 cells were
cultured in minimal essential medium containing 10% fetal bovine serum at 37 °C with 5%
CO,. Cells were plated on 35mm dishes and transiently transfected with expression
constructs for RDH8, RDH8L2 or RDH13 in a pEF-BOS-EX vector using FUGENE HD
transfection Reagent (Roche Diagnostics). Two days after transfection, the cells were
collected from one dish, washed with ice-chilled PBS. The cells were suspended with 300 ul
of the K-gluc buffer and stored at -80 °C until use. Cell lysate was centrifuged at 20,000 x g for
15 min at 4 °C, and the precipitate was used for the measurement of RDH activities. The

amount of the expressed protein was calibrated by immunoblots.

Measurement of Visual Pigment Regeneration by 11-c/s Retinal Formed from 11-cis
Retinol in Cones

The lysate of purified cones containing 1.7 uM cone visual pigment (final concentration)
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was suspended in 500 ul of the K-gluc buffer. The sample was divided into five portions, 100
ul each. The endogenous 11-cis retinal in carp is a derivative of vitamin A2 (A2 11-cis retinal).
A2 11-cis retinal was converted to A2 all-trans retinal by bleaching the red pigment (Amax =
~620 nm) completely with a 100 W projector lamp with a cut-off filter passing light longer than
680nm at room temperature for 5 min. To each portion, various manipulations were made
depending on the purpose of the study (see text). Each portion was sedimented by
centrifugation (124,000 x g for 20 min), and the precipitate containing cone membranes was
incubated at room temperature for 10 min in the dark to allow regeneration of cone pigments.
When necessary, 1 u | of 11-cis retinal solution in ethanol (final concentration: 10 uM), 11-cis
retinol solution in ethanol (final concentration: 2 uM), NH.OH solution (final concentration: 20
mM) or NADPH solution (final concentration: 200 M) was added to the sample.

After incubation, all samples were suspended in an extraction buffer containing 0.75%
(wh)  3-[(3-cholamidopropyl)  dimethylammonio]-1-propanesulfonate, 1 mg/mi
phosphatidyicholine, 50 mM Hepes, 140 mM NaCl, 2 mM MgCl,, 20% (w/v) glycerol, and 1
mM dithiothreitol ; pH 7.5). After extraction, the absorption spectrum of each portion was
measured in the dark. To quantify the amount of red pigment regenefated (Amax = ~570 nm), |
illuminated the sample with >680nm light for 2-3 hours to fully bleach the red pigment, and
then the absorption spectrum was measured again. The spectrum measured after the bleach
was subtracted from that measured in the dark (difference spectrum) to quantify the amount
of red pigment regenerated.
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