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ABSTRACT. The first determination of the absolute absorption maximum of the human blue cone visual
pigment is presented. After expression in COS cells, reconstitution wittislrktinal, and purification,

the blue pigment exhibits an absolute absorption maximum of 414 nm. The pigment reacts rapidly with
hydroxylamine in the dark and is capable of activating bovine rod transducin in a light-dependent manner.
Products of mutations of proposed spectral tuning residues in the blue pigment do not behave as predicted
when using rhodopsin mutants as a model. Mutations of amino acids in the ring portion of the chromophore
binding pocket of rhodopsin serve well as a predictive model for mutations in the blue pigment, but
mutations near the Schiff base do not.

Human color vision is mediated by three cone photo- of the pigments with 1Tis- and 9¢is-retinal [11<cis-retinal
receptor classes containing either a blue, green, or red visualwas generously provided by R. Crouch and NE&i®+etinal
pigment. Of these, the blue pigment has been the leastwas from Sigma (St. Louis, MO)], solubilization of the COS
studied, and there is considerable uncertainty with regard tocell membranes with 1% DM,and purification of the
its absorption maximum, with a range in reported values from proteins by immunoaffinity chromatography on the 1D4-
419 to >440 nm (—4). As interest in the blue pigment Sepharose 4B matrix have been described previoBly (
increases, largely as a consequence of the recent cloning oPigments were eluted from the immunoaffinity column in
the related ultraviolet-sensitive pigmengs €), so does the  0.01% DM and concentrated approximately 10-fold using
need for reliable characterization of the blue pigment. Centricon-30 concentrators (Amicon, Inc., Beverly, MA) for
Certainly, any study of the underlying mechanisms of spectral the spectral studies. We estimate that the final concentration
tuning of this pigment must begin with an accurate deter- of DM was approximately 0.1%.
mination of the absolute absorption maximum. We report  Absorption SpectroscopyV —visible absorption spectra
here the first determination of the absolute absorption were recorded using a Hitachi model U-3210 spectropho-
maximum of the human blue pigment, 414 nm. In addition, tometer that was specifically modified by the manufacturer
we show that products of mutations of proposed spectral for use in a dark room. Data were acquired with the aid of
tuning residues in the blue pigment do not behave asa Gateway 2000 4DX2-50V microcomputer using Spectra

predicted when using rhodopsin mutants as a model. Calc software from Galactic Industries Corp. (Salem, NH).
All spectra were recorded on samples with a 1.0 cm path
EXPERIMENTAL PROCEDURES length in thermostated cell holders with the temperature

. . . maintained at £C. Difference spectra were generated after
Mutagenesis and Expression of the Rhodopsin and Bluecorrection of the bleached spectrum for a 5% dilution

Cone Opsin Qenes‘l’he synthenc'human blue cone opsin resulting from addition of hydroxylamine. Thig,.x values
and r_hodo_psm genes use_d in this ?’.tUdy were designed toreported in Figures 1, 2, and5 were determined from the
contain unique restriction sites to facilitate cassette mutagen-g, «t derivative of a fc;ur:[h-order polynomial fit to a 40 nm
esis B, 7). Details concerning the construction and charac-

N ) ) e region surrounding each maximum.
terization of the genes can be found in previous publications o L - -
. . . Determination of the Extinction Coefficiefithe extinction
(3, 7). All procedures for DNA manipulation, mutation of

the opsin genes. DNA sequence analvsis. and transien coefficient for the blue pigment was determined by acid
psin g o que ySIS, ttrapping of the chromophore as follows. After the dark-state
expression of the opsin genes in COS cells were performedSpectrum had been recordedyl of 12 N HCl was added
as preV|ou'st.descnbed’(—.g'). . ) to the sample to denature the protein and trap the chro-
Reconstitution and Purification of the Proteinsrans-  mgphore as a protonated Schiff base with a characteristic
fected COS-1 cells were harvested 72 h after initial exposure absorption maximum at 440 nm. Since acid trapping removes
to DEAE-dextran and DNA. Procedures for reconstitution the influence of the protein from the chromophore, the human
blue pigment and bovine rhodopsin should give spectrally
f This work was supported by National Institutes of Health Grant identical species upon acid denaturation. Therefore, the

EY09514. J.I.F. is a trainee on National Institutes of Health Training known extinction coefficient for rhodopsin at 500 na0)
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) FIGURE 2: Reaction of the wild-type blue cone pigment with
FiGURE 1: Absolute absorption spectrum of the human blue cone hydroxylamine. Spectra were recorded at 7 min intervals after the
pigment. After the absorption spectrum was recorded, the sampleaddition of 50 mM hydroxylamine (from a neutralized stock
was exposed to light in the presence of 50 mM hydroxylamine (pH solution) to the purified pigment in 50 mM HEPES (pH 6.5)
7.0) and the spectrum of the resulting retinal oxime was recorded containing 140 mM NaCl and 0.1% (w/v) DM in the dark. The
again gmax = 363 nm). The inset shows the difference spectrum temperature was maintained at °€. In order of decreasing
that was obtained by subtracting the absolute spectrum of the retinalabsorbance at 414 nm (increasing absorbance at 363 nm corre-
oxime from that of the dark sample. sponding to retinal oxime), spectra were recorded 0, 7, 14, 21, 28,
35, 42, 49, 56, 63, and 70 min after the addition of hydroxylamine.

may be used to determine an extinction coefficient for the )
human blue pigment at 414 nm through the intermediacy of ge_nerate the final corrected absolute spectrum for the mutant
the acid-trapped species. That is, we used the extinction(Figure 7D).
coe_fflc!ent for native rhodqpsm at 500 nm to c_jetermlne the RESULTS AND DISCUSSION
extinction coefficient of acid-trapped rhodopsin at 440 nm.
We used the extinction coefficient for the acid-trapped  The absolute absorption spectrum of the human blue cone
species to determine the concentration of the blue pigmentpigment purified by immunoaffinity chromatography from
from its acid-trapped spectrum, and we used the concentra-COS cells transfected with a gene for the blue opsin exhibits
tion of the blue pigment to determine an extinction coefficient a maximum at 414 nm, as shown in Figure 1. The extinction
at 414 nm for the native blue pigment. coefficient of the blue pigment at 414 nm is 51 000'™M
Assay for Actiation of Transducin Light-dependent  cm?, a value greater than that reported for rhodopsin (42 700
activation of bovine rod cell transducin was assessed by M~ cm™ at aimax 0f 500 nm) (L0). The 414 nm maximum
following the binding of $5S]GTP/S as described previously is significantly blue-shifted with respect to most previous
(9). estimates for the maximum of the blue pigment but is closest
Correction of the Absorbance Spectrum of the Ser87Gly to the value of 419.Gt 3.6 nm determined by Dartnall et
Blue Pigment MutantThe absolute absorption spectrum of al. (2) using microspectrophotometry of individual human
the Ser87Gly mutant was broader than the spectrum for thecone cells. It is also very close to the 415 nm maximum
wild-type pigment as a result of a contribution from reported by Yoshizawa and co-workers for the evolutionarily
additional absorbance on the short-wavelength end of therelated chicken violet pigment{). The difference spectrum
spectrum (Figure 5). The source of the short-wavelength for the human blue pigment, shown in the inset of Figure 1,
absorbance is not known, but it likely arises from either light exhibits a maximum at 424 nm, in good agreement with the
scattering or possibly free retinal released as a result of thepreviously reported values). Note that the maximum from
thermal instability of this mutant. Because it was crucial to the difference spectrum (424 nm) is red-shifted relative to
determine the absolute maximum for the Ser87Gly mutant the absolute maximum (414 nm) because of overlap of the
without interference from any possible nonpigment contribu- blue pigment spectrum with that of the retinal oxime product
tions, the spectrum was corrected as follows. After the dark- formed upon photobleaching in the presence of hydroxy-
state spectrum had been recorded;[20f 12 N HCI was lamine.
added to the sample to denature the protein and trap the In experiments designed to further characterize the blue
chromophore as a protonated Schiff base with a characteristiqpigment biochemically, (1) the protein was found to not be
absorption maximum at 440 nm (Figure 7A). The concentra- able to generate a pigment withc®-retinal (not shown) in
tion of the original mutant pigment was then determined from contrast to the known ability of rod opsin to form isorhodop-
the acid-trapped spectrum at both 440 and 470 nm usingsin (lmax = 485 nm) with eis-retinal; (2) the blue pigment
extinction coefficients determined as described above. A was found to react with 50 mM hydroxylamine in the dark
difference spectrum was then generated by subtracting theto give retinal oxime and blue opsin with a pseudo-first-
acid-trapped spectrum from that of the dark state (Figure order rate constant of about 2*hat 4 °C and pH 6.5, as
7C). Sources of nonpigment absorbance such as lightshown in Figure 2; and (3) the blue pigment was found to
scattering or free retinal are not affected by acid and, be capable of activating bovine rod cell transducin in a light-
therefore, are eliminated by subtraction in the difference dependent manner, as shown in Figure 3, although with a
spectrum. An absorption spectrum for the acid-trapped specific activity on the order of 5875-fold lower than that
chromophore from the wild-type blue pigment (Figure 7B) of rhodopsin (106 pmol mirt pmol?).
scaled to the same concentration was then added to the On the basis of modeling studies and sequence alignments
difference spectrum of the Ser87Gly mutant (Figure 7C) to among short-wavelength pigments, Lin et 4R)(identified
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Ficure 3: Light-dependent activation of bovine transducin by the MWV \
wild-type blue cone pigment. Transducin activity was assayed by bigfpennven, N — Tyr262Trp
measuring the level of binding ofB]GTP/S (22) using 15 nM I A
blue cone pigment purified from transfected COS cells. Bovine 1
rhodopsin at a concentration of 1 nM (also purified from transfected ol v,
COS cells) was assayed as a control: (black symbols) reaction
carried out in the dark, (white symbols) reaction after the mixture 300 350 400 450 500 550 600
was exposured to lightQ) blue pigment, and{ andm) rhodopsin. Wavelength (nm)

C oo Ficure 5: Absolute absorption spectra for the wild type and the
°°°°°0°°00000000 three blue pigment mutants: Ser87Gly, Tyr262Trp, and Ser289Ala.
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Ficure 4: Schematic diagram for the human blue cone visual
pigment. The three amino acids selected for mutagenesis, Ser87,
Tyr262, and Ser289, are highlighted. In each case, the amino acid
in the blue pigment is followed by the position number in the blue
sequence, followed by the amino acid at that position in bovine
rhodopsin. Lys293 is the site of chromophore attachment.

A Absorbance

oof Ty1262Trp 434 nm
a number of amino acid residues in rhodopsin and the human oot
blue cone pigment that might be important for regulating
the spectral characteristics of these two proteins. When these o0t
amino acids were changed in rhodopsin to the corresponding 00
residues in the blue pigment, three of the substitutions
resulted in large blue shifts in the absorption spectrum,
suggesting that these residues are important for spectral Wavelength (nm)

tuning in rhodopsin and that they may also be important in

positioning the short-wavelength maximum of the human S:S#]F;En?magfnetrse”ggrggé?;rﬁ;?;ég?r:’;’)"grﬁ)épgefgggi‘g tg‘;’firg'r‘]fe
blue pigment. The amino acids in rhodopsin are Gly90, spectra were obtained as descrlbed in the legend of Figure 1.
Trp265, and Ala292, which correspond to Ser87, Tyr262,

and Ser289 in the human blue pigment (see Figure 4). Assignificant red shift in the absorption spectrum of the blue
shown by Lin et al. 12), changing Gly90 to Ser results in  pigment. In accord with this expectation, changing Tyr262
an 11 nm blue shift in the absorption maximum of rhodopsin, in the blue pigment to Trp did in fact result in a significant
Trp265 to Tyr a 15 nm blue shift, and Ala292 to Ser a 10 red shift (Figure 5), and although the low pigment yield for
nm blue shift. If these three residues are important for spectralthis mutant made a determination of the absolute absorption
tuning in the blue pigment, and if rhodopsin is an appropriate maximum difficult, the difference maximum (where distor-
model for the blue pigment in spectral tuning studies, then tion from light scattering has been eliminated) is clearly seen
changing each amino acid in the blue pigment to the to shift from 424 nm in the wild type to 434 nm in the mutant
corresponding residue in rhodopsin should result in a (Figure 6). However, in stark contrast to the mutation of
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Ficure 7: Corrected absorption spectrum of the Ser87Gly mutant
blue pigment. (A) Dark-state (1) and acid-trapped (2) spectra of
the Ser87Gly mutant blue pigment. (B) Dark-state (1) and acid-
trapped (2) spectra of the wild-type blue pigment. (C) Difference
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pected as every vertebrate visual pigment identified to date
contains in its sequence a highly conserved glutamate residue
corresponding to the Schiff base counterion, Glull3, in
rhodopsin {9—21). An obvious experiment suggested by
this discussion is mutation of this residue (Glu110GlIn) in
the human blue pigment. Unfortunately, when we introduced
this mutation in the blue opsin, the mutant failed to bind
1l<cisretinal. Thus, although the mutagenesis results pre-
sented here are consistent with an unprotonated Schiff base
in the human blue pigment, further studies will be needed
to unequivocally establish the protonation state of the Schiff
base.
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