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ABSTRACT: Protonation of the retinal Schiff base chromophore is responsible for the absorption of visible
light and is stabilized by the counterion residue E113 in vertebrate visual pigments. However, this residue
is also conserved in vertebrate UV-absorbing visual pigments (UV pigments) which have an unprotonated
Schiff base chromophore. To elucidate the role played by this residue in the photoisomerization of the
unprotonated chromophore in UV pigments, we measured the quantum yield of the E113Q mutant of
the mouse UV cone pigment (mouse UV). The quantum yield of the mutant was much lower than that of
the wild type, indicating that E113 is required for the efficient photoisomerization of the unprotonated
chromophore in mouse UV. Introduction of the E113Q mutation into the chicken violet cone pigment
(chicken violet), which has a protonated chromophore, caused deprotonation of the chromophore and a
reduction in the quantum yield. On the other hand, the S90C mutation in chicken violet, which deprotonated
the chromophore with E113 remaining intact, did not significantly affect the quantum yield. These results
suggest that E113 facilitates photoisomerization in both UV-absorbing and visible light-absorbing visual
pigments and provide a possible explanation for the complete conservation of E113 among vertebrate
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UV pigments.

It is important for vision that the phototransduction cascade
in photoreceptor cells efficiently converts a photon signal to
an electrical signal. The photon is initially captured by visual
pigments which are embedded in the membrane of the
photoreceptors. A visual pigment consists of a protein moiety
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(opsin) and a chromophore (11-cis-retinal), which covalently
binds to K296' in transmembrane helix 7 of the opsin via a
Schiff base linkage. The chromophore becomes excited upon
photon absorption and undergoes a quite efficient cis—trans
photoisomerization reaction (/), followed by a conforma-
tional change in the opsin and an activation of the G protein
transducin (2).

Most visual pigments, including rhodopsins, absorb maxi-
mally in the visible region of light. The visible light
sensitivity of the visual pigments is achieved by protonation
of the Schiff base of the retinal chromophore. The protonated
Schiff base is stabilized by a “counterion” residue, E113, in
bovine rhodopsin (3—5) and presumably in all other verte-
brate visible light-absorbing pigments (6—S8). In contrast,

! The numbers of all amino acid residues in this paper are based on
the bovine rhodopsin numbering system.
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Table 1: Experimental Conditions and Photoreactive Properties of Visual Pigments

pigment PH  Ama” (nm) method” Crnion (MM)  Aigrae (nm) Eirrad® M~ lem ™) N @

bRh' WT’ 6.5 500 UV —vis/HPLC 48 500 40600/ 1.00 0.65%
bRh E113Q° 5.5 500 UV—vis 4.8 500 35600 (1000) 0.87 (0.02) 0.65 (0.02)
8.2 385 HPLC 4.8 390 38100 (1000) 0.61 (0.03) 0.42 (0.02)
mUV” WT? 6.5 358 HPLC 9.5 359 43600 (1200) 0.84 (0.06) 0.51 (0.04)
mUV F86Y 6.5 420 UV—vis 2.4 417 39400 (800) 0.67 (0.01) 0.45 (0.01)
mUV E113Q 6.5 353 HPLC 2.4 359 44800 (1100) 0.51 (0.09) 0.30 (0.05)
cV" WT 6.5 415 UV—vis 9.5 417 39900 (900) 0.83 (0.06) 0.55 (0.04)
¢V S90C 6.5 370 HPLC 24 359 36900 (900) 0.65 (0.10) 0.47 (0.07)
¢V E113Q 6.5 350 HPLC 24 359 45700 (800) 0.44 (0.01) 0.25 (0.01)

“Wavelength at the absorption maximum. ”Method for estimating the photosensitivity. ©Final concentration of hydroxylamine used in the
photosensitivity measurement. 9 Trradiation wavelength. ¢ Molar extinction coefficient at Ay ks Photosensitivity at Aiga (relative to wild-type bovine
rhodopsin). ¢ Quantum yield at Aiq. ” Bovine rhodopsin. * Wild type. / From ref 34. * From ref /9. ! The values in parentheses are standard deviations
calculated from two to four independent experiments. ™ Mouse UV. " Chicken violet.  Values from ref /7.

UV-absorbing visual pigments (UV? pigments) have an
unprotonated Schiff base chromophore (9, 10). Nevertheless,
all of the known vertebrate UV pigments also have a glutamic
acid residue at the same sites, and its role is not well
understood.

In a previous study, we measured the quantum yield of
photoisomerization in the mouse UV cone pigment (mouse
UV) and found that the quantum yield was higher than that
of the alkaline form of the E113Q mutant of bovine
rhodopsin, which also had an unprotonated chromophore
(11). This result suggested that the protein assists photoi-
somerization of the unprotonated chromophore in mouse UV.

The unexpected high quantum yield and the seemingly
paradoxical conservation of E113 in mouse UV prompted
us to test the possibility that E113 plays a role in the efficient
photoisomerization of the unprotonated chromophore. In fact,
introduction of the E113Q mutation into mouse UV resulted
in a reduction of the quantum yield. At the same time, to
investigate in more detail the influence of Schiff base
protonation on the photoisomerization efficiency, we used
the chicken violet-sensitive cone pigment (chicken violet)
(12), which belongs to the same subgroup of vertebrate visual
pigments as mouse UV (group S or SWS1) but is very likely
to have a protonated chromophore. We introduced mutations
that alter the protonation state of the Schiff base while
keeping E113 intact in mouse UV and chicken violet (9, 13)
and found that the quantum yields were not significantly
affected. On the basis of these results, possible mechanisms
of photoisomerization facilitated by E113 and implications
of the conservation of E113 in UV pigments are discussed.

MATERIALS AND METHODS

Sample Preparation. The cDNAs of mouse UV (/4) and
chicken violet (/2) were tagged by the RholD4 epitope
sequence (/5) and introduced into expression vectors
pcDLSR0296 (16) and pUSRo (/7), respectively. The
cDNAs of site-directed mutants were constructed using the
QuickChange mutagenesis kit (Stratagene). The wild-type
and mutant opsins were expressed in the HEK 293T cell
line and regenerated with 11-cis-retinal as previously reported
(18). The reconstituted pigments were extracted with buffer

2 Abbreviations: UV, ultraviolet; UV pigment, ultraviolet-absorbing
visual pigment; DM, dodecyl 5-D-maltoside; HEPES, N-(2-hydroxy-
ethyl)piperazine-N’-2-ethanesulfonic acid; HPLC, high-performance
liquid chromatography; Am.., wWavelength at the absorption maximum;
FTIR, Fourier transform infrared spectroscopy; QM/MM, quantum
mechanical/molecular mechanical.

A [1% (w/v) DM, 25 mM HEPES, 70 mM NaCl, and 1.5
mM MgCl, (pH 6.5)] and purified by adsorption on an
antibody-conjugated column and elution with buffer B [0.3
mg/mL 1D4 peptide, 0.02% DM, 50 mM HEPES, 140 mM
NaCl, and 3 mM MgCl, (pH 6.5)], unless noted otherwise.

Photosensitivities of the Visible Light-Absorbing Visual
Pigments. The photosensitivities of wild-type chicken violet
and the F86Y mutant of mouse UV were determined by
UV —vis spectrophotometry using a Hitachi U-4100 spec-
trophotometer as previously described (/7). Briefly, the
sample was successively irradiated at 3 °C in the presence
of hydroxylamine (the final concentrations of hydroxylamine
are summarized in Table 1). For irradiation, light from a 1
kW tungsten lamp (Master HILUX-HR, Rikagaku) which
had been passed through a band-path filter (KL42, Toshiba)
which was centered at 417 nm (half-bandwidth of 18 nm)
was used. Finally, the sample was completely bleached with
>420 nm light (VY44 filter, Toshiba) to define the baseline.
The absorbance change was monitored at 430 nm of the
minus-baseline difference spectra. The amounts of residual
pigment at each step of irradiation were determined from
the absorbances after correction for hydroxylamine bleaching
(see the Supporting Information of ref /7), plotted on a
semilogarithmic scale against the incident photon number
and fitted to a single-exponential function. The slope of the
fitting line relative to that of the wild-type bovine rhodopsin
when it was irradiated at 500 nm (which was measured at
the same time in each experiment) was defined as the
photosensitivity of the pigment.

Photosensitivities of the UV-Absorbing Visual Pigments.
The photosensitivities of the S90C mutant of chicken violet
and the E113Q mutants of chicken violet and mouse UV
were measured by chromophore extraction and HPLC
analysis, as previously reported (/7). Briefly, a single sample
was divided into four aliquots and irradiated at 3 °C for
incremental periods with light which had been passed through
an interference filter (359 nm; half-bandwidth, 11 nm; Optical
Coatings Japan) in the presence of 2.4 mM hydroxylamine.
Then chromophore extraction and HPLC analysis were
performed to determine the amounts of residual pigment in
each sample. Again, the correction for hydroxylamine
bleaching (see the Supporting Information of ref 77) was
made. The photosensitivity was defined as described above.

Molar Extinction Coefficients. The molar extinction coef-
ficients were determined by the acid denaturation method,
as previously described (/7). Correction for the presence of
two different protonation states, which was made in the
previous paper (/1), was not performed, because of the
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FIGURE 1: Absorption spectra of the visual pigments at pH 6.5 and
3 °C. Molar extinction coefficients were determined by the acid
denaturation method. (A) Wild-type (curve 1, from ref /7), FS86Y
mutant (curve 2), and E113Q mutant (curve 3) mouse UV. (B)
Wild-type (curve 1), SO0C mutant (curve 2), and E113Q mutant
(curve 3) chicken violet. The A« values (nanometers) are indicated
for each spectrum.

difficulty in changing the protonation state with pH. How-
ever, each pigment appeared to contain almost exclusively
the protonated or unprotonated state (>90%), and the effect
of the correction on quantum yield should be relatively small
(<10%). The values are summarized in Table 1.

Quantum Yields. The quantum yields (¢) of visual
pigments were calculated using the following relationship
(1):

Socep
where § and ¢ are the photosensitivity and molar extinction
coefficient, respectively. The values of quantum yields were

determined relative to that of wild-type bovine rhodopsin
[0.65 (19)].

RESULTS

For the sake of clarity, the molar extinction coefficients
and the photosensitivity values are not described in the text
(all values are summarized in Table 1).

Quantum Yields of the E113Q Mutants. The Ay, of the
E113Q mutant of the mouse UV cone pigment (mouse UV)
was located at 353 nm, which was blue-shifted from that of
the wild type by 5 nm, as previously reported (7, 9, 20)
(curve 3 in Figure 1A). The photosensitivity, which was
defined as the slope of the fitting line (Figure 2C), was
reduced compared with that of the wild type (Figure 2A).
The quantum yield of the E113Q mutant was 0.30 &£ 0.05,
which was significantly (p < 0.01) lower than that of the
wild type (0.51 £ 0.04) (/7). This result demonstrated that
E113 is required for the efficient photoisomerization of the
unprotonated chromophore in mouse UV.

We also measured the quantum yields of the wild type
and the E113Q mutant of the chicken violet cone pigment
(chicken violet), which belongs to the same subgroup (S or
SWS1) of the vertebrate visual pigments as mouse UV (/2).
Chicken violet is very likely to have a protonated chro-
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FIGURE 2: Photosensitivity measurements of the visual pigments.
Irradiation wavelengths were 500, 417, and 359 nm for rhodopsin,
violet pigments, and UV pigments, respectively. The amounts of
residual pigments are plotted vs incident photon number on a
semilogarithmic scale and fitted to an exponential function: (A)
wild-type mouse UV (from ref /7), (B) F86Y mutant of mouse
UV, (C) E113Q mutant of mouse UV, (D) wild-type chicken violet,
(E) S90C mutant of chicken violet, and (F) E113Q mutant of
chicken violet. In each panel, white circles and black circles
represent data for the wild-type bovine rhodopsin and the pigment
being tested, respectively. A representative set of data from two to
four experiments is shown for each panel. Photosensitivities were
determined from the slopes of the fitting lines relative to that of
wild-type rhodopsin. Photosensitivity values are summarized in
Table 1.

3 4

mophore, because its Amay is located in the visible region,
and protonation of the chromophore has been demonstrated
by FTIR spectroscopy in the Xenopus violet cone pigment,
which is phylogenetically closely related to chicken violet
(21). The wild type had its Amax at 415 nm (curve 1 in Figure
1B), as previously reported (/3, 22, 23). In contrast, the
E113Q mutant had its Ay at 350 nm (curve 3 in Figure
1B), which was consistent with an unprotonated Schiff base.
This confirmed that the chromophore was protonated in the
wild-type chicken violet, with E113 being the counterion (7).
The mutant contained almost exclusively the unprotonated
form at neutral pH as opposed to the E113Q mutant of bovine
rhodopsin which contained approximately the same amount
of both forms (/7). It has been reported that this is also the
case for the D113A, -G, -N, and -H mutants of Xenopus
violet (7), the F86Y/E113Q double mutant of mouse UV
(9), and the mouse UV mutant with seven mutations (which
enable violet sensitivity) and E113Q (20). The successful
purification of the E113Q mutant of chicken violet is in
contrast to the failures of the E113Q (D113Q) mutants of
human, bovine, and Xenopus violet pigments to bind their
chromophores (9, 20, 24). This discrepancy may be due to
differences in the conditions or may be associated with
differences in binding pocket conformation among these
pigments. The photosensitivity of wild-type chicken violet
(Figure 2D) was similar to that of mouse UV (Figure 2A).
The quantum yield of wild-type chicken violet was calculated
to be 0.55 £ 0.04, which was similar to that of mouse UV
(0.51 £ 0.04). On the other hand, the E113Q mutant
exhibited reduced photosensitivity (Figure 2F). The quantum
yield was 0.25 + 0.01, which was significantly (p < 0.01)
lower than that of the wild type, indicating that E113 is also
required for the efficient photoisomerization in chicken violet.

Quantum Yields of Mutant Pigments with an Altered
Protonation State. We then generated two mutant pigments
in which the protonation state of the Schiff base was altered:
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FIGURE 3: Quantum yields of visual pigments. (A) Bovine rhodopsin
(from ref 17). (B) Mouse UV (the value for the wild type is from
ref 11). (C) Chicken violet. Error bars denote standard deviations
(n = 2—4). Asterisks denote significant difference compared with
the value of the wild type (p < 0.01). Quantum yield values are
also summarized in Table 1.

the F86Y mutant of mouse UV (9), which had a protonated
chromophore, and the S90C mutant of chicken violet (/3),
which was suggested by a QM/MM calculation to have an
unprotonated chromophore (25). The F86Y mutant of mouse
UV (curve 2 in Figure 1A) and the S90C mutant of chicken
violet (curve 2 in Figure 1B) had their Am. values at 420
and 370 nm, respectively, as previously reported (9, 13). The
S90C mutant of chicken violet had a shoulder around 450
nm, which could not be eliminated by changing the pH
(5.3—7.5) of the solution (data not shown), as previously
reported (/3).

We then measured the quantum yields of these mutant
pigments. The photosensitivities were slightly reduced
(Figure 2B,E) compared with those of the respective wild-
type pigments (Figure 2A,D). The quantum yields were
calculated to be 0.45 % 0.01 for the F86Y mutant of mouse
UV and 0.47 &£ 0.07 for the S90C mutant of chicken violet.
These values were slightly lower than those of the respective
wild-type pigments (0.51 + 0.04 for mouse UV and 0.55 +
0.04 for chicken violet), but the reductions were not
significant (p > 0.01). These observations suggest that the
protonation state of the Schiff base does not markedly affect
the efficiency of photoisomerization in mouse UV and
chicken violet. All the results are summarized in Figure 3
and Table 1.

DISCUSSION

Effect of the E113Q Mutation on the Photoisomerization
Efficiency of Mouse UV, Chicken Violet, and Bovine Rhodop-
sin. The reduced quantum yield of the E113Q mutant (Figure
3B) clearly shows that E113 is required for the efficient
photoisomerization of mouse UV. On the other hand, the
results obtained with the F86Y mutant (Figure 3B) suggest
that the protonation state of the Schiff base does not
significantly affect the photoisomerization efficiency in
mouse UV.

The E113Q mutation also reduced the quantum yield in
chicken violet (Figure 3C). In chicken violet, however, the
effect of the E113Q mutation is rather complicated, because
under our conditions the introduction of the E113Q mutation
results simultaneously in the deprotonation of the Schiff base.
That is, both the deprotonation of the Schiff base and the
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loss of E113 could be responsible for the reduced quantum
yield of the mutant. However, the latter interpretation is
favored by the current finding that the S90C mutation, which
is very likely to deprotonate the Schiff base (25), did not
significantly affect the quantum yield while the E113Q
mutation greatly reduced the quantum yield in chicken violet
(Figure 3C). These results suggest that the reduced quantum
yield of the E113Q mutant is due to the loss of E113 itself
rather than the deprotonation of the Schiff base.

On the other hand, the previously reported findings that
the E113Q mutant of bovine rhodopsin exhibited a quantum
yield almost identical to that of the wild type at pH 5.5 and
the lower quantum yield at pH 8.2 (Figure 3A) (//) seem to
be consistent with the hypothesis that the protonation state
of the Schiff base affects the quantum yield. In fact, in our
previous paper, we interpreted this result as being due to
the difference in the protonation state of the Schiff base.
However, this observation can also be interpreted otherwise
(see below).

Although the precise mechanism is unknown, our conclu-
sion is that E113 is required for the efficient photoisomer-
ization in UV-absorbing visual pigments and probably in
visible light-absorbing pigments. Birge, Knox, and colleagues
have previously reported that the E113Q mutant of mouse
UV exhibited a reduced amount of photoproduct compared
with the amount of the wild type when irradiated at
cryotemperatures (26), and the quantum yield of the D113A
mutant of Xenopus violet was lower than that of wild-type
mouse UV (27). These observations are consistent with our
results.

Possible Mechanisms of the Facilitation of Photoisomer-
ization by E113. On the basis of the experimental evidence
that E113 is essential for efficient photoisomerization, one
could consider several mechanisms by which photoisomer-
ization would be facilitated.

One of the mechanisms could be the presence of a negative
point charge near the chromophore. In fact, several experi-
mental and theoretical studies have pointed out the impact
of a negative point charge on the photoisomerization dynam-
ics in retinal proteins (28—30). E113 is negatively charged
in bovine rhodopsin and presumably in chicken violet. E113
in mouse UV is considered to be protonated in the dark state
(10), but direct evidence of this has not been obtained. The
results obtained with the E113Q mutant of bovine rhodopsin
(see above) can also be interpreted in terms of this negative
charge hypothesis. It has been shown that a chloride ion from
the bulk solution acts as the counterion in the acidic form
of the E113Q mutant of bovine rhodopsin (37), and this may
substitute for the negative charge of E113 (32), leading to
the wild-type-like efficient photoisomerization.

Alternatively, E113 may affect photoisomerization through
a steric or polar interaction rather than an electrostatic one.
It is also possible that E113 contributes to the quantum yield
by maintaining an appropriate conformation and/or hydrogen-
bonding network in the binding pocket which enables the
efficient photoisomerization.

To distinguish among these possibilities, experiments using
mutants which contain other amino acids at position 113 are
Nnow in progress.

Role of E113 in UV Pigments. The counterion residue
E113 is essential for the absorption of visible light in visual
pigments. If its function as a counterion were critical, E113
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would not seem to be required for an unprotonated chro-
mophore, but this residue is actually conserved among all
known vertebrate UV pigments. It has been proposed that
E113 in UV pigments plays multiple roles, as a counterion
in a photointermediate (26), in the regulation of the meta II
lifetime (20, 26), and in the suppression of the constitutive
activity of opsin (33). This study suggests another role for
E113 in UV pigments, facilitation of photoisomerization of
the unprotonated chromophore. This may be important
particularly for increasing the absolute sensitivity of UV-
sensitive photoreceptors. In other words, if one assumes a
hypothetical photoreceptor cell containing visual pigments
whose quantum yield is reduced to the same extent as we
observed with the E113Q mutant (almost halved), it would
be expected to have half the absolute sensitivity of an intact
photoreceptor. This would be likely to seriously impair the
visual ability of the animal.
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