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was the axial ligand in the aqueous oxygenation experi-
ments.20.21

The EPR spectrum of 8 in 0.01 M 1-PVIm-glycerin?2
(4:1) at =160 °C is shown under N, (Figure 3a) and
after exposure to 100 kPa of O, at room temperature for 10
min (Figure 3b). Although the resolution is very poor in H,O
compared with the glasses obtained from 2-MeTHF, the im-
portant features of the spectra are clear. We assign the ab-
sorption at g ~ 2 to the oxy adduct of PVIm.Coja*
P(C¢HsNHCOCH,C,BoH, ;-pipH)4}. Since little oxygenation
would be expected to take place after the solution is frozen (4:1
H,0-glycerin mp —6 °C which would be depressed further
by the ~5% acetone present), the EPR at —160 °C should
reflect the approximate relative amounts of oxy:deoxy
present?3 at room temperature assuming that the Keq for ox-
ygenation is not too strongly dependent on 7. The EPR sam-
ples can be thawed and refrozen to give the same spectrum
showing that the oxy adduct does not rapidly oxidize (to
Co(III)) upon warming to room temperature. Removing the
O, from the system regenerates the deoxy Co(II) EPR spec-
trum. After several hours at room temperature the solutions
are EPR silent suggesting oxidation to diamagnetic Co(III)
species. Again the room temperature visible spectrum shows
no change upon exposure to O1;2* thus there is no direct evi-
dence of oxygenation at room temperature.

The apparent oxygenation of § under these conditions in
aqueous solutions casts some doubt on the premise?® that
metalloporphyrinates must have a hydrophobic environment
in order to undergo oxygenation. Note that the cobalt atom in
5 binds O, in preference to H,0% even though [O;] =
1073[H,0] in these solutions and the hydrophobic environ-
ment is at best very local. This situation may not be true for a
similar iron(I1) porphyrinate; iron porphyrinates have a much
greater affinity than cobalt porphyrinates for a sixth ligand
in the axial position. A previous report of reversible oxygen
binding by a water-soluble, polymer-bound iron porphyrinate?’
has been questioned by other workers.2®

The apparently reduced O, affinity of § in solution might
be related to a lower local solubility in the polar binding pocket
of the cage-degraded porphyrinate than the nonpolar pocket
of the undegraded porphyrinate. Dioxygen is more soluble in
nonpolar than polar solvents.2’ The fact that the EPR shows
complete oxygenation at low temperature is consistent with
the expected increased solubility at lower temperatures.

As shown here carboranylporphyrins are versatile and useful
ligands for the investigation of metalloporphyrinate oxygen-
ation reactions. Starting from the basic ligand, such properties
as solubility and extent of oxygenation can be altered by suit-
able modification of the carboranyl cages while keeping the
immediate environment of the porphyrinate core approxi-
mately constant.

Acknowledgment is made to the donors of the Petroleum
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Hydroretinals and Hydrorhodopsins!
Sir:
In the visual pigments rhodopsins,2® the chromophore

| 1-cis-retinal is bound to the e-amino of a lysine moiety of the
apoprotein opsin through a protonated Schiff base (SBH*) 1.4

NN
3 A

NN-R
H

R:-lys -OPSIN
3-~Dehydro-]

I
2
3 R:n=Bu

The absorption maximum of SBH* formed from 11-cis-retinal
and n-BuNH, (3) is at 440 nm in the leveling solvent metha-
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Communications to the Editor

Table I. Absorption Data of Retinals and Rhodopsins®@

) CHO

4“B” 5§"B” 6"B” 7“B” 8"NB” 9"NB”

aldehyde®< 375 364 342 278 236 234

SBH* ¢ 440 425 392 322 270 275

bovine 500 460 420 345 315 310
rhodopsind

Av (em~1)e 2700 1800 1700 2100 5300 4100

“ The structures of hydroretinals are represented in conformations
resembling 9-¢is- and 11-cis-retinals, i.e., conformations which they
presumably adopt when binding to opsin. “B” and “NB" stand for
bleachable and nonbleachable pigments. respectively, upon exposure
to room light. Although the “NB™ pigments derived from 11,12-
dihydro- and 9,10,11,12-tetrahydroretinals (8 and 9) are stable to
room light, they undergo photolysis when exposed to UV light. Hence
this differentiation of "*B” and "NB” is referred to only in the con-
ventional usage of the word. # In MeOH. ¢ The maxima of the alde-
hyde-containing chromophores are listed; the polyene maxima are
given in accompanying structures 4-9 together with those of the enal
moicty. 4 1n 0.5% digitonin, 67 mM phosphate buffer, pH 7.0.
¢« Difference in Apux of rhodopsin and protonated Schiff base, in
em™!

nol.> In contrast, the maxima of visual pigments range from
430 to 580 nm,® typically 500 nm for cattle rhodopsin, despite
the fact that the chromophore is the same. Some pigments,
especially those of fresh water animals, contain 3-dehydro-
1 1-cis-retinal (see 2) as well as 1 1-¢is-retinal as the chromo-
phore. When these chromophores bind to cone opsin to form
pigments responsible for color vision, the maximum is shifted
up to 620 nm.5 The difference between 440 nm of the SBH*
from simple amines and the maxima of natural pigments has
been a central theme of interest in vision science. A rationali-
zation of this shift provided by the hydrophobic lipoprotein
environment would undoubtedly contribute to a better un-
derstanding of one of the most basic problems in this field.

In this and two following communications,’ we present data
on a series of hydrorhodopsins designed to explain the shift,
an external point-charge model based on the hydrorhodopsin
data, and a simple chemical model which corroborates the
theoretical model.

The dihydro- and 9,10,11,12-tetrahydro chromophores 4-9
(Table T) described in this communication were chosen for
several reasons: (a) the single bonds may bestow sufficient
flexibility on the molecule so that they would fit into the
binding site and form pigments; (b) the single bonds, except
for those located terminally, separate the chromophore into
two and thus these hydroretinals and hydrorhodopsins should
provide a unique series for theoretical considerations; (c) since
the primary event in visual transduction is the double-bond
cis-trans isomerization, it may be possible to form a non-
bleachable pigment.

Provided that the appropriate double-bond isomer is cho-
sen,® we have found that the hydroretinals described in the
following do indeed give hydrorhodopsins; furthermore, they
bind to the same site as that of natural retinal. The maxima of
SBH™* were measured in the leveling solvent methanol,?
whereas all rhodopsin data, including those of 5,6-dihydro-
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Scheme I. Synthesis of 9,10-dihydroretinal (7)a

0 —9b X CHO
50% b
I
Pl
cHO é(\\/k/\%
b 13

/
/ 7o) p

12
e[eg% 75%
SAAALCOEH fgh | NARAALCHO
82%
4 Z

@(a) LICH,CH=NC,H,,, ~78 °C; (b) I, THF, —20 °C; (c) Na,Fe-
(C0),/1.5 dioxane, Fe(CO),, HOAc, THF; (d) CrO, - 2pyr, CH,Cl,;
(e) (EtO),P(O)CH ,C(CH,)=CHCO,Et, NaH, THF; () Dibal, Et,0,
-78 °C; (g) MnO,, 1:1 EtOAc:Et,0, 0 °C; (h) flash chromatography.

9-cis-% and 11,12-dihydrorhodopsin'® which had been previ-
ously prepared, were all measured in 0.5% digitonin as it was
found that the maxima were greatly affected by the deter-
gent.!! The set of dihydro data thus accumulated (Table 1) has
led to the external point-charge model.’

All dihydroretinals excepting 11,12-dihydroretinal (8)'°
were prepared by selective reduction of the «,8 unsaturation
of an appropriate carbonyl precursor followed by further
elaboration (Wittig, Emmons, or directed aldol reactions) of
the side chain to give the desired compounds. By the use of
preparative LC or flash chromatography!? it was possible to
separate gram amounts of certain cis or trans synthetic inter-
mediates: however, the final hydroretinals invariably had to
be separated or purified by LC immediately prior to use and
only in milligram quantities in the dark, because of the great
instability.'3

The synthesis is exemplified by 9,10-dihydroretinal (7)
(Scheme I). The C;s aldehydes (mixture of 9-cis and trans)
11 were prepared in 50% yield from S3-ionone (10) via a di-
rected aldol condensation at —78 °C followed by dehydra-
tion.'* Treatment of 11 with Na,Fe(CO)4/1.5 dioxane
(Collman’s reagent)'>'® gave a 1:1 mixture of the dihydro
aldehyde 12 and tetrahydro alcohol 13, the latter being reox-
idized to 12 with CrO,. Emmons reaction of 12 with ethyl
phosphonosenecioate gave the ester 14, which, upon oxidation,
reduction, and separation of 13-cis and trans isomers by flash
chromatography,'? afforded the “all-trans-9,10-dihydro-
retinal (7). This was further purified by LC (u-Porasil, 10%
ether in hexane) prior to usage.

The synthesis of 9,10,11,12-tetrahydroretinal (9) (Table I)
was also required since there was the possibility that the large
red shift accompanying pigment formation in the case of
11,12-dihydroretinal (8) may be due to a through-space con-
tribution of the type depicted in structure 8a. The tetrahy-
droretinal was thus synthesized via condensation of the dihydro

2 OHCJ\/\/]\/\OAC

N

ch=R-R
H

8a 15

aldehyde 15 derived from geranyl acetate!” with the tri-
phenylphosphonium salt prepared from {-cyclocitral. The
Schiff bases were prepared by keeping a solution of aldehyde
in neat amine over molecular sieves, =20 °C, 12 h, under argon
in the dark, evaporating off the excess amine, and dissolving
the residue in methanol. Protonation was accomplished by
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bubbling dry HCl gas into methanol solution of the Schiff base
at —78 °C, under argon in the dark.

Each retinal analogue was incubated at room temperature
with bovine opsin at pH 7.0, either in suspension or in 0.5%
digitonin'® for 18-20 h. In the case of suspensions, aliquots
were taken at suitable intervals and centrifuged and the pellets
were triturated with cold hexane to remove excess chromo-
phore and dissolved in 0.5% digitonin, and the absorption
maxima were measured. In the case of reconstitution in 0.5%
digitonin, the maxima were simply measured at suitable time
intervals. Appearance of a maximum red shifted from that of
the corresponding SBH™ was taken as indication of pigment
formation. Support for the fact that the retinal analogues bind
to the same site asdo | 1- and 9-cis-retinals was secured by the
following experiments.

Rhodopsin analogues were formed in suspension, the hex-
ane-washed pellets (see above) were resuspended in pH 7.0
buffer, and the suspension was incubated for 3 h either with
11- or 9-cis-retinal. In each case the amount of natural rho-
dopsin or isorhodopsin formed was only 2-3% as judged from
the absorption maxima, i.e., S00 and 480 nm, respectively.
Conversely, only a few percent of the rhodopsin analogues were
formed upon reincubation of rhodopsin or isorhodopsin with
the retinal analogues. In a competitive binding site study, the
7,8-dihydro-9-cis-retinal was coincubated with 9-cis-retinal
in suspension. The hexane-washed pellet was analyzed for
bound retinals by the CH,Cl,-denaturation extraction pro-
cedure'® which showed that the pigment consited of a ~1:3
mixture of 7,8-dihydro-9-cis- and isorhodopsins.

The absorption data?? of the chromophores and pigments
thus prepared are summarized in Table I along with the data
for 11-cis-retinal and bovine rhodopsin. The data in Table I
shows several important tendencies: (a) since the A, of the
pigment undergoes a progressive shift in going from 4 to 8 (and
9), clearly it is the enal moiety and not the ene moiety which
is responsible for the maxima; (b) since the maximum of the
tetrahydroretinal (9) derived pigment is similar to that of
dihydrorhodopsin, the through-space interaction 8a can be
disregarded; (c) in spite of the shorter chromophore of
11,12-dihydro- (and 9,10,11,12-tetrahydro-) rhodopsin, the
difference between the maxima of SBH* and rhodopsin, in
cm~! (see Table I), is more than twice that observed for other
cases, including natural rhodopsin.

Analysis of the Table I data has led to the external point-
charge model, which in turn is supported by chemical
models.”-2!
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An External Point-Charge Model for
Wavelength Regulation in Visual Pigments
Sir:

The chromophoric unit of visual pigments is known to consist
of 1 l-cis-retinal covalently bound in the form of a protonated
Schiff base to the e amino group of a lysine in the apoprotein
opsin.! Protonated Schiff bases of retinal absorb at ~440 nm
in polar solvents while various salts formed in nonpolar solvents
absorb at somewhat longer wavelength (~440-480 nm).2 The
visual pigment bovine rhodopsin has an absorption maximum
of ~500 nm while other 11-cis-retinal-based visual pigments
have maxima as far to the red as 580 nm. The mechanism
through which the protein shifts the absorption maximum of
the chromophore from its solution value to wavelengths
ranging from 440 to 580 nm has been a question of major in-
terest. In this communication we present the first experimen-
tally based model which accounts for the absorption properties
of a specific pigment, bovine rhodopsin.

There is considerable support for the suggestion? that
electrostatic interactions between the chromophore and
charged or dipolar groups on the opsin are responsible for
wavelength regulation in visual pigments.2-8 Although models
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