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ABSTRACT: A visual pigment consists of an opsin protein and a chromophoreisirktinal, which binds

to a specific lysine residue of opsin via a Schiff base linkage. The Schiff base chromophore is protonated
in pigments that absorb visible light, whereas it is unprotonated in ultraviolet-absorbing visual pigments
(UV pigments). To investigate whether an unprotonated Schiff base can undergo photoisomerization as
efficiently as a protonated Schiff base in the opsin environment, we measured the quantum yields of the
bovine rhodopsin E113Q mutant, in which the Schiff base is unprotonated at alkaline pH, and the mouse
UV pigment (mouse UV). Photosensitivities of UV pigments were measured by irradiation of the pigments
followed by chromophore extraction and HPLC analysis. Extinction coefficients were estimated by
comparing the maximum absorbances of the original pigments and their acid-denatured states. The quantum
yield of the bovine rhodopsin E113Q mutant at pH 8.2, where the Schiff base is unprotonated, was
significantly lower than that of wild-type rhodopsin, whereas the mutant gave a quantum yield almost
identical to that of the wild type at pH 5.5, where the Schiff base is protonated. These results suggest that
Schiff base protonation plays a role in increasing quantum yield. The quantum yield of mouse UV, which
has an unprotonated Schiff base chromophore, was significantly higher than that of the unprotonated
form of the rhodopsin E113Q mutant, although it was still lower than the visible-absorbing pigments.
These results suggest that the mouse UV pigment has a specific mechanism for the efficient
photoisomerization of its unprotonated Schiff base chromophore.

The visual transduction cascade in photoreceptor cells Amax One has itSimax in the violet region (396440 nm),
begins with photon absorption by visual pigments. A visual and the other has itsnaxin the UV region (around 360 nm).
pigment consists of a protein moiety, opsin, and a chro- |t was proposed that the Schiff base of the chromophore
mophore, 1leis-retinal, which covalently binds to K29én of UV pigments is in its unprotonated forrB)((Figure 1B),
transmembrane helix 7 of the opsin via a Schiff base Iinkage as opposed to that of the Visib|e_absorbing pigments such
(Figure 1). Light photoisomerizes the chromophore from 11- as bovine rhodopsin where the Schiff base is in its protonated
cisto its alltransform (1, 2). This reaction takes place on  form (9, 10) (Figure 1A). Several lines of evidence that
an ultrafast time scale<200 fs) @). The photoisomerization  support this hypothesisl{, 12) have been reported since
leads to structural changes of the opsin driving it toward its the first report in 1998 of the successful expression of UV
active form, and this in turn leads to the activation of the G pigments in cultured-cell systens3¥-15). Fasick et al.11)
protein-mediated signal transduction cascade which eventu-reported that thé.,a of mouse UV pigment (mouse UV;
ally generates an electrical response of the photoreceptor cell858 nm) was shifted to 424 nm when phenylalanine at
(4). position 86 was substituted with tyrosine (F86Y), and the

Vertebrate visual pigments can be classified into five double mutation (F86Y/E113Q) caused a pH-dependent shift
groups on the basis of their sequence similarities; L (LWS/ of the 1na These results suggested that the Schiff base
MWS), S (SWS1), M1 (SWS2), M2 (RH2), and rhodopsins chromophore in mouse UV was protonated by the F86Y
(RH1) 6—7). This classification is in good agreement with  mutation and the protonation state was stabilized by E113
the classification based on tlig,.? However, the S group  as the “counterion” 11). FTIR spectroscopy also demon-
contains two types of visual pigments which differ in their - strated that the chromophore of mouse UV is unprotonated
(12).
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mechanism for the efficient photoisomerization of its un-
protonated Schiff base chromophore.

MATERIALS AND METHODS

Sample PreparationOpsins were expressed in the HEK
293T cell lines as previously reporte@7( 28). For the
purpose of purification, the cDNA of mouse UV was tagged
by the monoclonal antibody RholD4 epitope sequence
(8 aa C-terminal of bovine rhodopsin; ETSQVAPAY.

The cDNA of the bovine rhodopsin E113Q mutant was
derived from the previous studyd@. The wild-type and
mutant cDNAs were fully sequenced before being introduced
into the expression vector, pUSK31) for bovine rhodopsin
and pcDLSR 296 (32) for mouse UV.

To reconstitute photoreactive pigments, the expressed
opsins were incubated with Ids-retinal for more than 3 h
at 4 °C. The pigments were extracted with buffer A [1%
(w/v) dodecylB-p-maltoside (DM), 25 mM HEPES, 70 mM
NacCl, and 1.5 mM MgGCl pH 6.5 at 3°C]. The extracted
d pigments were then purified by adsorbing them on an

. . . o : antibody-conjugated colum3@) and then eluted by buffer
Schiff base raises an important question: Is the Schiff baseB (0.3 mg/mL 1D4 peptide, 0.02% DM, 50 mM HEPES,

proton needed only to allow pigments to shift their spectrum 140 mM NaCl, and 3 mM MgGl pH 6.5), buffer C

SO thz?\t they can absorb visible Ilght? Or are there other costs(0_3 mg/mL 1D4 peptide, 0.02% DM, 50 mM HEPES, 140
in using an unprotonated Schiff base chromophore? FormM NaCl, and 3 mM MgCJ, pH 8.2), or buffer D (0.3 mg/

example, electronic states of an unprotonated Schiff basemL 1D4 peptide, 0.02% DM, 50 mM MES, 140 mM NaCl
should be quite different from those of the protonated form _ - ">" o MgC#, pH 5.5). All procedures were done under

because of Iessr—e]ectron delocallzatlon., and this may dim red light. Eluted samples were kept-a80 °C until
perturb photochemical aspects of the retinal chromophore,use

such as its efﬂuenpy of phot0|som.er|zat|q16(.17). At the_ Photosensitiities of the Protonated Form of the Rhodopsin
same time, th‘? e.ff|C|ency.of phqtmsomen;aﬂon of a retinal E113Q MutantFor the photosensitivity measurement of the
chromophorg In Its protein environment Is determined not protonated form of the rhodopsin E113Q mutant, the
only by the intrinsic properties of retinal but also by the conventional method1@, 19, 26) was used. Briefly, the

interaction between the chromophore and its protein moiety. sample (0.086 0.015 OD, 25QuL) was supplemented with
In fact, the quantum yield of the protonated retinal Schiff 4, g ul (')f hydr.oxylami}le chloride solution (pH 5.5

K/\Lyszgs

Ficure 1: Retinal Schiff base choromophores. (A) Protonated 11-
cisretinal Schiff base, the chromophore of wild-type bovine
rhodopsin, and the protonated form (pH 5.5) of the E113Q mutant.
(B) Unprotonated 1kis-retinal Schiff base, the chromophore of
mouse UV, and the unprotonated form (pH 8.2) of the rhodopsin
E113Q mutant.

The discovery that UV pigments have an unprotonate

base in rhodopsin, 0.69.8) [a recently refined value from
the long-accepted one, 0.6T9], is 2—4 times higher than
that of the protonated retinal Schiff base in solution (6-18
0.23) @0), indicating that the protein facilitates photoisomer-
ization 21, 22). Therefore, we were interested in determining
the quantum yield of UV pigments.

In the present study, we report the quantum yields of two

100 mM) and put in a cuvette (width, 2 mm; light path, 1
cm). The cuvette was then put in the cell holder of a-UV
vis spectrophotometer (Hitachi U-4100) and kept &€y
using a temperature controller (Thermo Neslab RTE-7)
during the experiment. The sample was incubated for
~15 h, and absorption spectra were measured at 30 min
intervals in order to estimate the rate constant of dark

different UV pigments. One is the Schiff base counterion bleaching due to hydroxylamine. Then the photosensitivity
mutant of bovine rhodopsin (E113Q), where the Schiff base was measured using the same sample. The sample was
is unprotonated at high pF28—25). The other is mouse UV,  successively irradiated with light fro a 1 kW tungsten
where the Schiff base is unprotonated in its normal state. halogen lamp (Master HILUX-HR; Rikagaku) which had
The photosensitivities of visible-absorbing pigments are been passed through an interference filter (500 nm; half-
usually measured by monitoring the decrease of its absor-bandwidth, 5 nm; Optical Coatings Japan), and the absor-
bance at its absorption maximum as a function of irradiation bance change was monitored. The light intensity was
time in the presence of hydroxylaming 26). However, attenuated by using neutral-density filters, so that irradiation
this method cannot be applied to UV pigments, because thefor 30 min caused bleaching 6f90% of wild-type rhodop-
absorption spectrum of the photoproduct significantly over- sin, so our conditions were comparable to those of Dartnalll
laps that of the unphotolyzed pigment. So the photosensitivi- (19). After every irradiation (2.5 minx 8 times followed
ties of UV pigments were estimated by analyzing the by 5 min once), the sample was incubated fo--80 min
isomeric composition of the photoproducts using HPLC. The until any small amounts of residual photointermediates were
results showed that the quantum yield of the unprotonatedcompletely converted to retinaloximes. Finally, the sample
form of the rhodopsin E113Q mutant was much lower than was completely bleached by intens&00 nm light which
that of the protonated form and of the wild-type pigment. had been passed through a cutoff filter (VY52; Toshiba).
On the other hand, mouse UV, though lower than the visible- The amount of residual pigment after every irradiation, after
absorbing pigments, exhibited a significantly higher quantum a correction for dark bleaching of the pigment due to
yield than the unprotonated form of the rhodopsin E113Q hydroxylamine, was calculated as described in Supporting
mutant. These results suggest that mouse UV has a specifidnformation.
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The photon number ($-cm™?) of the irradiation light was ~ Hexane (1 mL) was added to the sample, followed by mixing
calculated from the power (W) of the irradiation light with a pipet to transfer the retinaloximes to the hexane layer.
measured by a power meter (PM-245; Neoark). The intensity After centrifugation with a hand-operated centrifuge, the
of the incident light was continuously monitored by a hexane layer was collected. This hexane extraction was
photodiode (S1226-5BQ; Hamamatsu Photonics) attached inrepeated once more. The collected hexane layer was dried
front of the cell holder, and the data were transferred to a over anhydrous N&Q, and then evaporated under & N

data acquisition system (Powerlab 2/20; ADInstruments). A stream. All procedures were done under dim red light. The
correction was made for the fluctuation of the light intensity sample was stored at80 °C until use.

as monitored by the photodiode system.

The calculated amounts of the residual pigment were
plotted on a semilogarithmic scale against the incident photon
flux and fitted with an exponential function. The slope of
the fitting line corresponds to the relative photosensitivity
of the pigment at the irradiating wavelength9( 26). For
every measurement, the photosensitivity of wild-type rhodop- .
sin was measured at the same time as a control, and th Oul of hexane, and 1@L was used for H.PL.C analysis.
photosensitivity of the E113Q mutant was determined as a he HPLC patterns were obtained by mon_|tor|ng the absor-
relative value to that of the wild type. For the measurement 2@nce at 360 nm. Before every experiment, a sample

of the wild type, hydroxylamine chloride solution (pH 6.5, Ccontaining authentisynandanti isomers of 11eis-, 9-Cis-,
1 M) was used. 13<cis-, and all-transretinaloximes was subjected to the

Photosensitiies of the Unprotonated Form of the HPLC to assign the retention time of each isomer. The
Rhodopsin E113Q Mutant and Mouse URhe method for ~ iSomeric composition of the sample was calculated from the
photosensitivity measurement which was described above@r€as of the peaks and the molar extinction coefficients at
cannot be applied to the unprotonated form (pH 8.2) of the 360 nm @7): 13s, 49000; 13a, 52100; 11s, 35000; 11a,
rhodopsin E113Q mutant and mouse UV, because the29600; 9s, 39300; 9a, 30600; Ts, 54900; Ta, 51600. After
absorption spectrum of retinaloxime significantly overlaps correction for dark bleaching, the amounts of the residual
that of the unphotolyzed pigment. So the photosensitivities Pigment were calculated from the percentages of theid1-
of these pigments were measured by the following method. isomer in the samples (see Supporting Information) and were
The photosensitivity of the protonated form (pH 5.5) of the plotted on a semilogarithmic scale against the incident photon
rhodopsin E113Q mutant was also measured to confirm thenumbers and fitted with a single exponential function to
reliability of the method. estimate the photosensitivity.

First, a single sample (0.02& 0.005 OD, 1 mL) was Molar Extinction CoefficientsThe molar extinction coef-
divided into four aliquots. Then a 12.aL aliquot of ficients of the pigments were determined by the acid
hydroxylamine sulfate (pH 8.2, 50 mM), hydroxylamine —denaturation method2¢, 38) as follows: After recording
chloride (pH 6.5, 200 mM), or hydroxylamine chloride (PH  the dark-state spectrum, we addedid4(10 uL for pH 5.5
5.5, 100 mM) was added to the sample of the unprotonatedsamples, 1&L for pH 8.2 samples)f@ N HCI to the sample
form, mouse UV, or the protonated form, respectively. For (fina| pH, 1.3+ 0.2). Addition of HCI denatured the pigment
the unprotonated form, hydroxylamine sulfate was used 5,4 trapped the chromophore as a protonated Schiff base
instggd of hydroxylamine chlorit_je, because chloride ion . a Jmax Of ~440 nm. Any visual pigments investigated
stabilizes the Schiff base proton in the E113Q muta8).( i, the present study gave spectrally identical species upon

The cuvette containing the sample was put in the cell ;.4 jenaturation, so that we were able to estimate the molar
holder of the spectrophotometer and irradiated as descr'beOCxtinction coefficients of pigments by comparing the ratio
_above. The interference filters’ wavelengths (Optical Cpat— of the maximum absorbance before and after denaturation
Tgirﬁ])a%%rg nvr;ezﬁaﬁ_ebn;ﬁgﬂ d?ﬁ iionr;]?oghgégb:rgd(vr\ggh by HCI with that obtained from bovine rhodopsin [molar

’ ’ ’ extinction coefficient, 40600 M cm™* (39)]. In this method

bandwidth, 5 nm) for the unprotonated form, mouse UV, or L .

. . Co light scatter at shorter wavelengths would significantly distort
the protonated form, respectively. Each aliquot was irradiated the results, so we used samples with relatively high absor-
for 0, 5, 10, and 20 min, respectively. To prevent accumula- bance (0.05% 0.003) to reduce any error from the scattering

tion of photointermediates, samples were incubated for 20 .
min after every 5 min irradiation. The photointermediates ?of:eo?itlﬁ ;Ii—gr? spectra after an addition of HCI were corrected

of the protonated form were relatively stable, so the irradiated

The isomeric composition of the extracted retinaloxime
was analyzed by HPLC (LC-10AT VP; Shimadzu) equipped
with a silica column (150< 6.0 mm, A-012-3; YMC). The
solvent was composed of 98.8% (v/v) benzene, 1.0% (v/v)
diethyl ether, and 0.2% (v/v) 2-propan@4—36), and the
flow rate was 1.0 mL/min. Dried samples were dissolved in

samples were incubated for580 min. In every experiment, Quantum YieldsUsing the separately determined values
wild-type rhodopsin was irradiated at the same time as a of molar extinction coefficients and photosensitivities, the
reference. guantum yields¢) of visual pigments were calculated using

The chromophores were then extracted from the irradiatedthe relationship 18, 19, 26):
aliquots as retinaloximes as previously describ@d 85).
Briefly, the sample was collected from the cuvette after SUegp
irradiation and placed on ice. Hydroxylamine was added to
the sample (final concentration, 91 mM). After 10 min where S and ¢ are the photosensitivity and the molar
incubation on ice, the sample was supplemented with extinction coefficient. The values of quantum yields were
methanol (25@:L) and dichloromethane (25@) and mixed estimated relative to that of wild-type bovine rhodopsin [0.65
thoroughly with a Pasteur pipet to denature the pigment. (18)].
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A 358 . T experiments was 6.6 0.1, which was similar to that
85 500 reported previously40). The percentages of the protonated
form calculated using theky value were 93+ 2% and
2.5+ 0.5% at pH 5.5 and 8.2, respectively. Mouse UV had
itS Amax at 358 nm (curve 4 in Figure 2A), as previously
reported 11, 12, 14).

We then determined the molar extinction coefficients of
the pigments using the acid denaturation method (Figure 2C).
The pigments were acid denatured, and the ratio of peak
absorbance before and after the acid denaturation was
compared to that of wild-type rhodopsin. Using the molar
extinction coefficient of rhodopsin at 500 nm [40600 M
cm ! (39)], the molar extinction coefficient at the peak of
the pigment was obtained. At least four experiments were
performed for each pigment. Considering the percentages
of the protonated form determined above, the molar extinc-
tion coefficients of the protonated and the unprotonated form
were estimated to be 356001000 and 38106 1000 M
cm™! at the irradiation wavelengths (the protonated form,

Wavelength (nm) 500 nm; the unprotonated form, 390 nm), respectively. The
FIGURE 2: Absorption spectra of the visual pigments. (A) Absorp- molar extinction coefficient of mouse UV was estimated to
tion spectra of wild-type bovine rhodopsin (curve 1), the E113Q be 436004 1200 M* cm™ at the irradiation wavelength
mutant (curve 2, pH 5.5; curve 3, pH 8.2), and mouse UV (curve (359 nm).

4) at 3°C are shown. 2and 3 (broken lines) are the spectra where . .
100% protonated and unprotonated forms are assumed, respectively. Quantum Yield of the Protonated Form of the Rhodopsin

The Zmax values are indicated in each spectrum. (B) Absorption E113Q MutantFirst, the photosensitivity of the protonated
spectra of the rhodopsin E113Q mutant at pH 8.1, 7.7, 7.4, 6.8, form of the rhodopsin E113Q mutant was measured by the
6.4, 6.0, and 5.8 (in order of increasing absorbance at 500 nm). conventional method.

Inset: Plot of the absorbance at 500 nm against pH and a fitting Before a photosensitivity measurement, the sample was

with a HendersorHasselbalch equation. The averadé, palue . .
calculated from four independent experiments was#6®.1. (C) incubated for~15 h in the presence of 4.8 mM hydroxy-

Typical absorption spectra before and after acid denaturation.lamine to estimate the rate of dark bleaching (data not
Curves -4 are absorption spectra of wild-type rhodopsin (curve shown). The rate constant of dark bleaching was {1 42)
1), the E113Q mutant (curve 2, pH 5.5; curve 3, pH 8.2), and mouse 104 min~! (n = 4). The value for wild-type rhodopsin in

UV (curve 4) before acid denaturation. All of these pigments gave ;
species that were spectrally the same wifty,a of 440 nm (curve the presence of 48 mM hydroxylamine was (32.7) x

5) upon acid denaturation so that the determination of the molar 10°°min™* (n = 4). These values were used in the correction
extinction coefficients was possible. The same experiments wereto the photobleaching data (see Supporting Information).
repeated at least four times for each pigment. Then the extinction The sample was then successively irradiated with 500 nm
coefficients of the visual pigments were calculated using the value light, and the absorbance change was monitored (Figure 3A).

for bovine rhodopsin, 40600 M cm~1 (39). Taking into account e . .
the ratio of the protonated and the unprotonated forms at pH 5.5 The photosensitivity of the wild-type pigment was measured

and pH 8.2 determined with akp of 6.6 + 0.1, the extinction ~ at the same time for each experiment (Figure 3B). After

coefficients of the protonated and the unprotonated forms were correction for dark bleaching, the amounts of residual

determined as 3560& 1000 and 3810@& 1000 M™* cm™* at the pigment were plotted on a semilogarithmic scale against the

irradiation wavelengths (500 and 390 nm), respectively. The j,cident photon flux and fitted with an exponential function

extinction coefficient of mouse UV was 436@01200 M1 cm—1 Fi 3F). The phot itivity of th tant. which

at the irradiation wavelength (359 nm). (Figure 3F). The photosensitivity of the mutant, which was
obtained as the slope of the fitting line, was 04870.02
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RESULTS (n= 4) relative to the wild type. This value and the extinction
coefficient at 500 nm (35608 1000 M cm™1) gave the
Absorption Spectra of Visual Pigmenihe Anax of the guantum yield of 0.65t 0.02, which was almost identical

bovine rhodopsin E113Q mutant was 500 nm at pH 5.5 to that of the wild type [0.6518)].

(curve 2 in Figure 2A) and 385 nm at pH 8.2 (curve 3in  The photosensitivity of the protonated form was also
Figure 2A), as previously reported3—25). The two peaks =~ measured by another method, chromophore extraction and
correspond to the two different states of the Schiff base, HPLC analysis. The samples were divided into four aliquots.
protonated and unprotonated (Figure 1). We shall call the Each was then supplemented with hydroxylamine (final
two states of the rhodopsin E113Q mutant “the protonated concentration, 4.8 mM) and irradiated for 0, 5, 10, or 20
form” and “the unprotonated form”, respectively. The sample min with 500 nm light. Chromophores were extracted from
contained almost exclusively the protonated form at pH 5.5, the irradiated samples as retinaloximes and were subjected
although a small amount of the unprotonated form appearedto HPLC analysis (Figure 3€E). The results showed that

to be present (and vice versa at pH 8.2). To determine thethe photoisomerization of the chromophore fromcid to
proportion of the protonated form at each pH, th&g palue all-trans form took place as a function of irradiation time,

of Schiff base protonation was determined by changing the while the small amount of 8is and 13eis isomers 5%

pH of the solution and plotting absorbance at 500 nm, in total) was present in the extracts. These isomers were
followed by fitting with a HendersonHasselbalch equation  probably derived from the atransisomer through thermal
(Figure 2B and inset). The average value of four independentisomerization in the course of chromophore extraction. The
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Ficure 3: Photosensitivity of the protonated form (pH 5.5) of the

rhodopsin E113Q mutant. (A) The photosensitivity of the rhodopsin

E113Q mutant was measured at pH 5.5 using—Wé spectro-

photometry. The sample was irradiated successively with 500 nm

light, and absorbance changes were monitored. The sample wa

completely bleached at the end of the experiment. (B) The
photosensitivity of the wild type was measured at the same time
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function (Figure 3G). The photosensitivity of the pigment
was determined as a relative value to that of wild-type
rhodopsin, which was measured at the same time in every
experiment. The photosensitivity was estimated to be
0.87 &+ 0.02 ( = 4) relative to the wild type. The good
agreement of the value with that determined by -tixs
spectrophotometry (0.8&% 0.02) validates this method. The
guantum yield was calculated to be 0.650.02.

Quantum Yield of the UV Pigment8efore our photo-
sensitivity measurements of the UV pigments, we confirmed
that photoisomerization d@ll-trans-retinaloxime by the UV
light was negligible under the conditions that the photosen-
sitivities were measured. Namely, the sample of wild-type
rhodopsin was first completely bleached by intense
>500 nm light in the presence of hydroxylamine to produce
all-transretinaloxime, and the sample was then irradiated
with 359 nm light for 0 or 100 min, followed by chro-
mophore extraction and HPLC analysis. Both the 0 and 100
min samples contained90% of the alltrans isomer and
exhibited almost identical isomeric compositions (Figure 4B),
indicating that photoisomerization by 359 nm light had not
taken place under these conditions. This high photostability
of retinaloxime is consistent with the experimental observa-
tion thatall-transretinaloxime was not isomerized to much
extent (6-23%) even by th 3 h irradiation with a 30 W
fluorescent lamp in any organic solvent, as opposed to retinal

Wwhich underwent 4680% isomerization by the 30 min

irradiation 36).
We also estimated the stability of the pigments against

as a reference in every experiment. The same set of experiments,ydroxylamine. Namely, a sample was divided into two

was performed four times to calculate the standard deviation, but
only one representative set of data is shown—E} The photo-
sensitivity of the protonated form of the E113Q mutant was
measured also by chromophore extraction followed by HPLC
analysis. The samples of the protonated form were irradiated with
500 nm light for 0, 5, 10, or 20 min in the presence of 4.8 mM
hydroxylamine. Chromophores were extracted from irradiated
samples as retinaloximes and then subjected to HPLC analysis
Again, the photosensitivity of the wild type was measured at the

aliquots, and each was acid denatured after incubation with
hydroxylamine (the unprotonated form, 2.4 mM; mouse UV,
9.5 mM) for 0 min or~15 h (data not shown). Using the
estimated amount of residual pigment after thé5 h
incubation, the rate constant of the bleaching was calculated
to be (3.3+ 1.7) x 104 min~* (n = 3) for the unprotonated
form and (1.1£ 0.2) x 10* min~* (n = 2) for mouse UV.

same time as a reference in every experiment. (C) The HPLC patternThese values were used in the correction to the photobleach-

of a sample containing authensgnand anti isomers of 1leis-,
9-cis-, 13<is-, and all-transretinaloximes: 13s, 18is-15syn
retinaloxime; 13a, 1®is-15-anti-retinaloxime; 11s, 1Lis-15syn
retinaloxime; 1la, 1tis-15-anti-retinaloxime; 9s, %is-15-syn
retinaloxime; 9a, %is-15-anti-retinaloxime; Tsall-trans-15-syn
retinaloxime; Taall-trans-15-anti-retinaloxime. (D, E) The HPLC
patterns of the protonated form of the E113Q mutant (D) and of
wild-type rhodopsin (E) (0, 5, 10, and 20 min irradiation from the

top of the each panel). The same set of experiments was repeate

four times, but only one representative set of data is shown. It is
clearly shown that photoisomerization from the di+to all-trans
form took place as a function of irradiation time. The isomeric

ing data (see Supporting Information).

The samples of the unprotonated form were irradiated with
390 nm light for 0, 5, 10, or 20 min in the presence of
2.4 mM hydroxylamine. Chromophores were extracted from
the irradiated samples as retinaloximes and subjected to
HPLC analysis (Figure 4C). Again, the photoisomerization
rom the 11eisto all-transform took place as a function of
irradiation time, and small amounts ofc® and 13eis
isomers 5% in total) were present in the extracts. The
amounts of residual pigment were calculated, after the

compositions of the samples were calculated from the areas of theqqrrection for dark bleaching, from the percentages of 11-

peaks and the molar extinction coefficients of retinaloximes at 360
nm. (F, G) The amounts of residual pigment determined were
plotted on a semilogarithmic scale against the incident photon flux.
(F) UV—vis spectrophotometry. (G) HPLC. A representative plot

cisisomer in each sample. The data were then plotted against
incident photon number and fitted with an exponential
function (Figure 4E). The photosensitivity of the pigment

(the same experiment as in panels A, B, D, and E) out of four was determined relative to that of wild-type rhodopsin, which

experiments for each method is shown. Open and solid circles
represent the wild type and the protonated form of the E113Q
mutant, respectively. The photosensitivity of the mutant, which was
estimated as the slope of the fitting line, was 048D.02 f = 4)
relative to the wild type.

amounts of residual pigment were calculated, after the
correction for dark bleaching, from the percentages of the
1ll<is isomer in each sample. The data were then plotted

was measured at the same time in every experiment. The

photosensitivity of the unprotonated form was 061.03

(n = 4) relative to the wild type. Using this value and the
molar extinction coefficient at 390 nm (381@01000 M
cmY), the quantum vyield of the unprotonated form was
calculated to be 0.42 0.02, which was significantly lower
than that of the wild type [0.651@)]. It should be noted
that the quantum yields of the wild type at pH 5.5 or pH 8.2

against incident photon number and fitted with an exponential were almost identical to that at pH 6.5 (Table 1).
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e [CFE A J B higher than that of the unprotonated form of the rhodopsin
S | /1,33:1/1;73 m— E113Q mutant (0.4 0.02). All results are summarized in

3 T | N Figure 5 and Table 1.

= S rRem——
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= | C l D DISCUSSION

] [ P N A

o

§ T N . In the present study, we determined the quantum yields
2 I ‘ of the protonated and unprotonated form of the bovine
5 y * — rhodopsin E113Q mutant and the mouse UV pigment (mouse
T Ly !] UV). To our knowledge, this is the first direct determination

40 of the quantum yield of visual pigments that have unproto-
nated Schiff base chromophores.

The quantum vyield of the rhodopsin E113Q mutant was
much lower at pH 8.2 than at pH 5.5. This result is consistent
with the notion described in the report of Lewis et dlL)
That is, they estimated the relative quantum yields of the
E113Q mutant at pH 5.5 and 8.2, based on the amount of
batho formation, and reported that the quantum yield of the
unprotonated form was smaller and “the difference was less
than a factor of 2”. On the other hand, Fahmy and Sakmar
(42) stated that the quantum yield of the unprotonated form
of the E113Q mutant was comparable to that of the

Photon Number (x10? cm?) protonated form, based on a comparison between the
FiIGURE 4: Photosensitivities of UV pigments. (A) The HPLC wavelength profile of the transducin activation efficiency and
pattern of the authentic sample. (B) The sample contaiiihg the absorption spectrum at pH 6.2. However, their results
transretinaloxime was irradiated with 359 nm light for 0 or 100 g awed that the transducin activation rate was higher for light

min, followed by chromophore extraction and HPLC analysis. The . L : . .
HPLC pattern of the irradiated sample (lower trace) was almost " the visible than for light in the UV, whereas the absorption

identical to that of the nonirradiated sample (upper trace), indicating SPectrum was higher in the UV region than in the visible
that photoisomerization dll-trans-retinaloxime by 359 nm light  region (or at least comparable in both regions even if the
does not take place in these conditions. (C, D) The photosensitivities scattering effect at shorter wavelengths is taken into account),

of UV pigments, the unprotonated form (pH 8.2) of the rhodopsin ; ;
E1130 mutant and mouse UV, were measured by Chrc)mophomsuggestlng that the quantum yield of the unprotonated form

extraction followed by HPLC analysis. The procedures were the c0Uld be lower than the protonated form. In any case, these
same as the measurement of the protonated form of the E113Qresults including ours suggest that the Schiff base protonation
mutant, except for the final concentration of hydroxylamine (the contributes to the photoisomerization efficiency.

unprotonated form, 2.4 mM; mouse UV, 9.5 mM) and the : ; }
wavelength of irradiation (the unprotonated form, 390 nm; mouse A comprehensive study on the quantum yield ofcl

UV, 359 nm). The photosensitivity of wild-type rhodopsin at ~retinal Schiff base in solution by Becker and Freednid) (
500 nm was measured at the same time as a reference in everyevealed that the quantum yield was strongly dependent on

experiment. The HPLC patterns of the unprotonated form of the the solvent polarity, fronx0.01 in hexane te-0.20 in polar
rhodopsin E113Q mutant (C) and mouse UV (D) are shown (0, 5, 5qjyents such as dichloromethane, acetone, and methanol.

10, and 20 min irradiation from the top of the each panel). The )
same set of experiments was repeated four times for each pigment,They also argued that, on the basis of the fact that the

but only one representative data set for each pigment is shown. (E,quantum yield in acetonitrile was 0.34, the quantum vyield
F) The amounts of residual pigments were plotted on a semiloga- of the unprotonated Schiff base was greatly enhanced by the
rithmic scale against.the incident photon flux (E, the unprotonated hydrogen-bonding capacity of solvent. On the other hand,
form of the rhodopsin E113Q mutant, F, mouse UV; the same yna quantum yield of the protonated Schiff base of retinal
experiments as in panels C and D). Open circles represent wild- ; - .
type rhodopsin, and solid circles represent the unprotonated formWas independent of the solvent polarity or hydrogen-bonding
of the E113Q mutant or mouse UV in panel E or F, respectively. capacity, because its value in various solvents was almost
The photosensitivities relative to wild-type rhodopsin were estimated constant £0.20). These results were accounted for as
to be 0.61+ 0.03 = 4) and 0.84+ 0.06 (1= 4) for the rhodopsin  follows: Protonation or solvent polarity/hydrogen-bonding
mutant and mouse UV, respectively. capacity caused a mixing (or a reversal of the level ordering)
The photosensitivity of mouse UV was measured in the of two low-lying singlet excited states (Btlike and Ag -
presence of 9.5 mM hydroxylamine. The samples were like states), resulting in elimination of the barrier for
irradiated by 359 nm light in the same way as the unproto- photoisomerization. Although a later study on the fluores-
nated form, followed by chromophore extraction and HPLC cence properties of the unprotonated Schiff basalefans
analysis (Figure 4D). The amounts of residual pigments wereretinal at room temperature argued that polarity-dependent
plotted on a semilogarithmic scale against the incident photonmixing of the singlet states was not likely to occd#), it
flux and fitted with an exponential function (Figure 4F). The is certain that the excited-stated dynamics of the unprotonated

100

Residual Pigment (%)

photosensitivity was 0.84 0.06 f = 4) relative to wild- Schiff base are remarkably different from those of the
type rhodopsin. Using the photosensitivity and the molar protonated Schiff base. For example, the change of dipole
extinction coefficient at 359 nm (43660 1200 Mt cm™?), moment upon excitation of the unprotonated Schiff base is

the quantum yield of mouse UV was calculated to be smaller than that for the protonated Schiff badd, @5).
0.51 £ 0.04, which was about 80% of that of wild-type Considering the potential importance of charge translocation
rhodopsin. It is noteworthy that the value is significantly along the chromophore in the photoisomerization process
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Table 1: Experimental Conditions and Photoreactive Properties of Visual Pigments

pigment pH  Amad(nm) method Cahotf(MM)  Ainad (M) €irad® (M ~Lem?) g @9
bRHwild type 6.5 500 UV-vis/ HPLC 48 500 40600 1.00 0.65
55 500 UV-vis 48 500 41900 1.03 0.65
8.2 500 UV-vis 48 500 41700 1.05 0.66
bRh E113Q 55 500 UMvis 4.8 500 35600 (1000)  0.87(0.02)  0.65(0.02)
HPLC 4.8 500 0.87 (0.02)  0.65(0.02)
8.2 385 HPLC 2.4 390 38100 (1000) 0.61 (0.03) 0.42 (0.02)
muV! 6.5 358 HPLC 9.5 359 43600 (1200) 0.84 (0.06)  0.51 (0.04)

aWavelength at the absorption maximubiviethod for estimating the photosensitiviyFinal concentration of hydroxylamine used in the
photosensitivity measuremenitirradiation wavelengtht Molar extinction coefficient atiraa. Photosensitivity atiraq (relative to wild-type bovine
rhodopsin).g Quantum yield afi.q. " Bovine rhodopsini Referenced9. | Referencel8. k The values in parentheses are standard deviations calculated
from at least four independent experimentglouse UV.

1.0 other mechanisms than the protonation of the Schiff base,
B . such as a fixing of the chromophore at both endig),(a

- pretwist of the isomerizing CEC12 bond 48), intramo-
lecular or intermolecular interactions of methyl groups of
the chromophore 49), and an inhibition of unreactive
motions @2). It has also been proposed that the efficient
photoisomerization is an intrinsic property of the chro-
mophore and the protein offers a gas-phase-like (i.e., free
from the medium effect) environment rather than specific
interactions to enhance the reactivig0y.

The relative photosensitivity of mouse UV determined here
(0.84 + 0.06) is lower than that of rhodopsin (1.00) and
iodopsin, the chicken red-sensitive cone pigment (H08
Ficure 5: Summary of the photosensitivities and the quantum 0'0|2.) QG)'dTh'Sf rl\ist!t IS a[()jpalsreg;ly 'T\CO”S'StentdWEh the
yields of visual pigments. The photosensitivities are shown in filled €arlier study of Makino and Dodd, who reported that, on

bars, and the quantum yields are shown in open bars. The left andthe basis of the measurements of early receptor currents of
right axes are graduated in the photosensitivity and the quantumsalamander cones, the photosensitivity of UV cone pigment

yield, respectively. Error bars represent the standard deviations\yas~1.4 times higher than that of red cone pigmesit)(
calculated from four independent experiments for each pigment. ; ; ;
Abbreviations: bRh, bovine rhodopsin; WT, wild type; mUV, The _dlscrepancy may be due_ 1o a difference of_anlmal
mouse UV. species, the presence of A2 retinal in salamander pigments,
or the differences in the conditions and methods. It should

(46), this may be one of the reasons for the less efficient Pe noted that our value was determined by a more direct
photoisomerization of the unprotonated Schiff base in Method.
nonpolar solvent as well as in the rhodopsin E113Q mutant. The higher quantum yield of mouse UV than the unpro-
In addition, the fluorescence lifetime of the unprotonated tonated form of the rhodopsin E113Q mutant suggests that
Schiff base ofall-transretinal in solutions with different ~ mouse UV has a specific mechanism for efficient photoi-
polarities (26-100 ps) is longer than that of the protonated somerization of the unprotonated Schiff base. Therefore,
Schiff base €5—7 ps) @3). This observation suggests that elucidation of the mechanism of efficient photoisomerization
the excited-state lifetime of the unprotonated Schiff base is of the unprotonated Schiff base in mouse UV by compre-
longer than the protonated one; hence isomerization takeshensive site-directed mutagenesis will be our future inves-
place more slowly. tigation.

It is likely that intrinsic properties of the unprotonated
Schiff base that differ from those of the protonated Schiff ACKNOWLEDGMENT

base are responsible for the lower quantum yield in the . - .
rhodopsin E113Q mutant at the basic pH. However, we we than_k Dr. S. Koike for providing US.W'th the HEK
e .~ 293T cell line, Prof. F. Tokunaga for providing us with a
cannot exclude the possibility that the E113Q mutation USRo. expression vector. and Prof. R. S. Molday for the
affected the photoisomerization efficiency through changes penerous piﬁ of a Rholl54— roducirlu h t;ridomay We are
of the conformation and/or the hydrogen-bonding network egllso ratef%l to Dr. S. Kuwa F;mafor tgec%/nical ad\}ice Drs
of the binding pocket. In addition, the loss of a point negative grate . Y . ’ :
A. Terakita, Y. Imamoto, and T. Yamashita for valuable

_cha_rge may .b.e respon3|b_le for the less ef'fl_ment phOt()lsomer'discussions, and Prof. T. G. Ebrey for critical reading of the
ization. Additional experiments are required to test those . .
manuscript and invaluable comments.

possibilities.
The quantum yield of the unprotonated form of the E113Q syppORTING INFORMATION AVAILABLE

mutant observed here (0.42 0.02) is higher than that of

the free unprotonated Schiff base in solutier®(20 in polar The method of a correction for the bleaching of the

solvents) 20), although it is significantly lower than those pigment in the dark due to reaction with hydroxylamine. This

of the other pigments investigated here. This observation material is available free of charge via the Internet at http://

implies that the protein facilitates photoisomerization through pubs.acs.org.
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