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ABSTRACT: Invertebrate opsins are unique among the visual pigments because the light-activated
conformation, metarhodopsin, is stable following exposure to light in vivo. Recovery of the light-activated
pigment to the dark conformation (or resting state) occurs either thermally or photochemically. There is
no evidence to suggest that the chromophore becomes detached from the protein during any stage in the
formation or recovery processes. Biochemical and structural studies of invertebrate opsins have been
limited by the inability to express and purify rhodopsins for structtftection studies. In this study, we
usedDrosophilato produce an epitope-tagged opdih1-1D4 in quantities suitable for spectroscopic

and photochemical characterization. When expressBddsophila Rh1-1D4is localized to the rhabdomere
membranes, has the same spectral properties in vivo as wild-type Rh1, and activates the phototransduction
cascade in a normal manner. Purifieti1l-1D4visual pigment has an absorption maximum of the dark-
adapted state of 474 nm, while the metarhodopsin absorption maximum is 572 nm. However, the
metarhodopsin state is not stable as purified in dodecyl maltoside but decays with kinetics that require a
double-exponential fit having lifetimes of 280 and 2700 s. We investigated the primary properties of the
pigment at low temperature. At 70 K, the pigment undergoes a temperature-induced red shift to 486 nm.
Upon illumination with 435 nm light, a photostationary state mixture is formed consisting of bathorhodopsin
(Amax= 545 nm) and isorhodopsiifa.x = 462 nm). We also compared the spectroscopic and photochemical
properties of this pigment with other vertebrate pigments. We conclude that the bindingBitesophila
rhodopsin is similar to that of bovine rhodopsin and is characterized by a protonated Schiff base
chromophore stabilized via a single negatively charged counterion.

Visual pigments are composed of an di&+retinal-based hydrolysis of the Schiff base linkage with retinal, resulting
chromophore covalently attached via a Schiff base linkage in free all-transretinal and apoprotein.

to an apoproteinl). Light induces the isomerization of 11- In contrast to the vertebrate rhodopsins, little is known
cis-retinal toall-transretinal (the primary event), initiating  about the proteirchromophore interactions in the inverte-
conformational changes that produce a form of the protein prate opsins. The observation of spectroscopic, photochemi-
that activats a G protein signaling systen2,(3). Bovine  cal, and primary counterion differences between the inver-
rhodopsin has a neutral retinal binding pocket, with a single teprate and vertebrate pigments suggests that the binding sites
glutamate residue (counterion) neutralizing the charge from of the two opsins are quite different. Some of the key
the protonated Schiff base linkagé«7). The active form  (differences are presented in Table 1. Invertebrate opsins are
of rhodopsin is not thermally stable and undergoes facile ynique among visual pigments because the activating state

" . 4 v NI G o 34548 is stable and can be converted thermally or photolytically
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Table 1: Comparison of Vertebrate and Invertebrate Pigments

bovine rhodopsin

Drosophila

pigment
native retinal
counterion

batho
spectral shift
energy storage
quantum efficiency

activating form
chromophore Schiff base linkage
stability in vitro
stability in vivo

photostationary states at 70 K
effect of red light
effect of blue light
AE (batho— initial state) (cm?)

A 3-hydroxyretinal
Glu Tyr?
red red
135 kJ/mol ?
0.65 ?
unprotonated protonated
unstable unstable
unstable stable
mostly 9-cis mostly 9-cis
56-70% all-trans >90% all-trans
1600 2200
1100

AE [(9-cis) — initial state] (cnT?) 800

17—25). These studies have suggested that the photochemtions and studied its photochemistry. PurifiRth1-1D4in

istry of invertebrate opsins is simpler than for vertebrate

delipidated form converts to a stable metarhodopsin°at,4

opsins. After isomerization, vertebrate opsins require the but at 20°C metarhodopsin decays, likely forming free retinal

deprotonation of the Schiff base, as well as protonation of
the counterion to activate the G protei?6]. Because the

“counterion” is presumed to be absent in invertebrate opsins,

only isomerization appears to be required for activatn).(

and opsin. Furthermore, we were able to trap the bathoint-
ermediate of rhodopsin at 70 K. By analyzing the batho-
chromic intermediate oRh1-1D4 we conclude that the
binding site is electrostatically similar to bovine rhodopsin

Cephalopods are not useful for genetic or site-directed With a counterion stabilizing a protonated Schiff basetinal
mutagenesis studies. Moreover, there are currently no hetlinkage. The approach used in these studies is readily

erologous systems for producing functional invertebrate

adaptable to the expression of site-specific mutants or

opsins that are comparable to those available for vertebratechimerics for structurefunction studies of other invertebrate

opsins 28). Drosophila offers great potential for visual

pigment studies, since the fly can be genetically manipulated

opsins.

and produced in large quantities. The most abundant rhodopMATERIALS AND METHODS

sin from Drosophila rhodopsin 1 (also referred to &h1l
andninaE) has a maximum absorption 6f480 nm and a
stable metarhodopsin with an absorption maximw%70
nm, when studied in rhabdomere extra@8-(31). TheRh1
chromophore, 3-hydroxy-léis-retinal 32, 33), is only
believed to blue-shift the absorption maximum of the opsin
compared to the vitamin Aderived retinal, not to cause any
functional differences. Previous studies have raised as man

protein? Are the mechanisms of spectral tuning in inverte-

brate opsins and vertebrate opsins identical? Ultimately, what

role do the electrostatics of the binding pocket play in the
bistability of invertebrate opsins?

Expression of the Epitope-Tagged Form of the Rh1 Opsin
in Transgenic DrosophilaAn epitope-tagged form of the
Rhlgene (referred to aRh1-1D4 was made by replacing
the region encoding the last 14 amino acid&oflwith the
sequence encoding amino acids 3388 of bovine rhodop-
sin (36). This region corresponds to the epitope recognized
by the 1D4 monoclonal antibodya7). This construct was

questions as they have answered. What is the charge of thegenerated within a 5.4 KkIRh1 genomic fragment that

retinal binding pocket in invertebrate opsins? How can there
be no counterion present in a hydrophobic, membrane-bound

contains the entir®hl1coding region, 2.5 kb of promoter,
the native transcription start site, and &hd 3-untranslated
regions. This construct would therefore drive the expression
of Rh1-1D4in the R1-6 photoreceptors where the wild-type
protein is normally expressed. The construct was subcloned
into they™-marked P-element vector C4 and injected into

w; sr ninaB” mutant embryos, as previously describd8g)(

In this study, we have introduced a gene encoding an \yjiiple independent P-element-mediated germline trans-

epitope-taggedRhl1 (Rh1-1D4! into ninaE mutant flies in
which the endogenou’hlgene has been delete8y( 35).
The expression dRh1-1D4in the native photoreceptor cells

formants were obtained by standard techniqg®. (The
strains used in this study were constructed with visible
markers and balancer chromosomes and were maintained on

provides the proper environment for the biosynthesis and siandard cornmeallyeast extract/molasses/agar food in hu-

folding of the visual pigment. In addition, the epitope tag
permits the one-step immunoaffinity purification of the

expressed visual pigment. We have obtained quantities of.

purified Rh1-1D4opsin suitable for spectroscopic investiga-

! Abbreviations: Rh1-1D4 epitope-taggedrosophilaRh1 opsin;
DTT, dithiothreitol; HEPESN-(2-hydroxyethyl)piperazing¥-2-ethane-
sulfonic acid; LM,N-dodecyl3-p-maltoside; MOPS, 4-morpholinepro-
panesulfonic acid; PS$z photostationary state generated at wavelength
xyznm; WT, wild type.

midified incubators at 253C on a 12 h light/dark cycle.

Microscopy. The immunohistochemistry and confocal
imaging were performed as previously describ&8),(with
monoclonal 1D4 antibody3(/). Secondary antibodies and
other immunological reagents were obtained from Jackson
ImmunoResearch Laboratories, Inc. (West Grove, PA). The
specimens were incubated with the primary antibody at 4
°C overnight (or at room temperature for 1.5 h), and the
incubations with the secondary antibody were performed at
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room temperature for 1 h. The confocal image was collected two antibodies to each of the tv@rosophilaarrestin proteins
with a Zeiss LSM-310 (Thornwood, NY). [Arrl and Arr2 @7)].

Electrophysiology, Microspectrophotometry, and Spectral ~ Formation of Rh1 Metarhodopsim Cary 300 spectro-
Sensitiity Analysis. Electroretinogram (ERG) recordings photometer (Varian Inc.) was used with a circulating water
were obtained from immobilized white-eyed)(flies by use bath to control the sample temperature, which was monitored
of glass microelectrodes filled with normal saline [0.9% NaCl in the cuvette by a thermocouple connected to a Stanford
(w/v)] as previously described8, 40). Microspectropho- Research Systems SR630 thermocouple monitor. Photocon-
tometry was performed as previously descrit@d).(Spectral ~ Version was performed with a 250 W quartz halogen lamp
sensitivity was measured by a modification of the voltage- With the appropriate interference filter (either 03FIV105 or
clamp method of Franceschin#i, 42), which we have 03FIV115 (Melles Griot), for maximum transmissien461
described in detail elsewher@l( 40). Briefly, the amplitude & 5 nm or 562+ 5 nm, respectively).
of the ERG response to a flickering (10 Hz) monochromatic ~ Cryogenic Spectroscopy and Photochemistry of Rié.
stimulus was maintained at a criterion level while the modified our Air Products Displex helium refrigerator cold
wavelength of stimulating light was varied during a scan. tip so that a small-volume sample cell could be used and
Throughout the scan, the criterion response was maintainednserted coupling optics into our Shimadzu BVis—NIR
by constantly adjusting the light intensity with a proportional- 3101 spectrophotometer to maximize light throughgd.(
integral-derivative algorithm4@). Spectral sensitivity (SS) ~ Photoconversion of the pigments was performed by use of
was defined as the inverse of the light flux (number of an Nd:YAG-pumped optical parametric oscillator with
photons) required to produce the criterion response. This isamplifier (Infinity with internal XPO, Coherent Inc.).
proportional to the inverse of the product of the light intensity Coupling optics maximized illumination of the sample while
times the wavelength [i.e., $31/(light intensity (microwatts N the cold tip. Protein samples contained 67% glycerol and
per square centimetex) wavelength)]. Sensitivity data were  0.05% LM in wash buffer. The samples were thermally
normalized to an amplitude of 1.0 at the wavelength of equilibrated at 70 K fol h and then illuminated with blue

maximal sensitivity, averaged, and smoothed with a window light relative to the absorption maximum (435 nm) to
of 10 nm. generate a photostationary state containing a maximum

amount of the bathochromic photoproduct. Subsequently, red
light relative to the absorption maximum (550 nm) was used
to generate the reverse photostationary state. The methods
and procedures of generating and characterizing the photo-
stationary states have been reported previou&dy. (

Purification of Rh1l Rhodopsin from Drosophild@he
purification methods used here are similar to the reported
procedures of Kiselev and Subramania#d, (45). Unless
otherwise stated, all of the following procedures were carried
out at 4°C and in the dark or deep red light (Kodak no. 2).
Drosophilawere kept in the dark 24 h prior to harvesting ResULTS AND DISCUSSION
and then collected and frozen in liquid nitrogen. The frozen
animals were vortexed in 50 mL conical tubes to sever the Expression of the Rh1-1D4 opsin in the R1-6 cells of
heads, bodies, and appendages, which were separated aridrosophila. We expressed an epitope tagged form of the
collected in chilled, stainless steel sieves. Heads (7 mL) wereRh1 opsin Rh1-1D4 in the R1-6 photoreceptor cells of
homogenized with a motorized Teflon homogenizer in 250 Drosophila under the control of theninaE opsin gene
mL of buffer A [250 mM sucrose, 120 mM KCI, 10 mM  promoter. The R1-6 photoreceptor cells are a suitable
MOPS (pH 6.7), 5 mM MgG| 1 mM DTT, 10 ug/mL environment for the expression of novel opsins and have been
leupeptin, and 1.Zg/mL pepstatin]. The homogenate was used extensively for studying the spectral and physiological
centrifuged twice at 10@Pfor 5 min at 4°C to remove the properties of novel or modified opsin genes in vivo, including
insoluble tissue. The supernatant, containing photoreceptorthose from other invertebrate81 40, 49-51).
membranes, was collected by ultracentrifugation at 4§000  Transgenic flies expressing the epitope-tag&éd-1D4
for 1 h at 4°C. The membrane pellet was homogenized with opsin construct showed proper localization of the tagged
a Brinkman polytron in 90 mL of buffer A containing 1%  protein to the rhabdomeres of the R1-6 cells of the compound
N-dodecyls-p-maltoside (LM) and slowly mixed for 10 h.  eye (Figure 1A). This demonstrates that the transgene is
The insoluble material was separated by centrifuging twice expressed in the expected cell types and that the protein is
at 4500@ for 20 min and saved for a protein gel. TR&1- stable and appropriately targeted within the photoreceptor
1D4 rhodopsin was then purified by immunoaffinity chro- cells. A similar 1D4 epitope tagged form of Rh1 has been
matography 28). Briefly, the supernatant was slowly mixed shown to be normally processed and localized within the
with 1.6 mL of packed 1D4-Sepharose beads (2 mg of IgG/ DrosophilaR1-6 cells? The Rh1-1D4protein bound retinal
mL) for 4 h. 1D4 IgG was obtained from the Cell Culture and produced a visual pigment with absorption properties
Center and National Center for Research Resources (Min-characteristic of the wild-type pigment. Using in vivo
neapolis, MN). The 1D4 Sepharose beads were then washed microspectroscopy (MSP, Figure 1B), we found that the
with 300 mL of wash buffer [20% glycerol, 120 mM KCI, difference spectra dRh1-1D4and the native pigment were
5 mM MgCl, 50 mM HEPES (pH 6.6), and 0.1% LM]. The identical. To assess the functional activity of tRa1-1D4
protein was eluted with 40M competing peptide in wash  opsin, we examined the electroretinograms of transgenic flies.
buffer and concentrated in a C-30 Centricon tube (Amicon). ninaEflies were used as a host strain because they lack the
The yield was approximately 235y of Rh1-1D4rhodopsin visual pigment normally expressed in the R1-6 photoreceptor
from 7 mL of fly heads (1 ml~ 1000 heads). Western blots

were perfo_rmed as previously describetb)( Opsin was 2\Webel, R., Menon, ., O'Tousa, J. and Colley, N. (2000Biol.
detected with the 1D4 IgG and arrestins with a mixture of Chem. 27524752-24759.
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Ficure 1: Expression and function d®h1-1D4in Drosophila (A) Confocal image showing the immunolocalization of tRe1-1D4

protein in transgenic flies. The protein is expressed by the R1-6 cells and is localized in the rhabdomeres of these cells. (B) Rhodopsin/
metarhodopsin difference spectra measured in vivo by microspectrophotometry. The difference spectra measured from control flies (
dashed linen = 2) is virtually identical to that measured from transgenic flies expressinRitdelD4construct ¥ w; ninaE P[Rh1-1D4]

solid line,n = 2). The difference spectra were measured and calculated as described preBdusking adapting lightsi¢ and1,) of

475 and 580 nm (respectively) for both strains of flies. Jh& ninaE host strain, which lacks the Rh1 opsin, does not have a detectable
difference spectrum (data not shown). The averaged spectra were filtered (removing data points with an3@@emwithin a 10 nm

window), and the resulting spectra were then smoothed by a running average over a 10 nm window. The baseline of the spectra for the
control and transgenic flies were offset by0.1 and—0.195, respectively, and normalized to 1.0. (C) Electroretinograms recorded from
control §/ w, top trace), mutant host straig {v; ninag middle trace), andRh1-1D4transgenic flies (lower trace). Control flies display a

robust light-induced depolarization that is maintained during the stimulus. The mutant hostystraim{aE) has a dramatically reduced
response to light due to the loss of the Rh1 opsin normally expressed in the R1-6 cells. The small residual response is due to the R7 and
R8 cells, which are unaffected by the mutation. When Riel-1D4transgene is introduced into this host strain, the light response is
restored. This demonstrates that Riel-1D4pigment is biologically active and is capable of coupling to the downstream components of

the phototransduction cascade in a normal manner. (D) Prolonged depolarizing afterpotential (PDA) in flies expreRbihg Bvwigment.

A PDA is only generated when a substantial amount of rhodopsin has been photoconverted to metarhodopsin, and the wavelengths at which
the PDA can be induced and terminated (470 and 570 nm used in this experiment, respectively) are dependent on the absorption properties
of rhodopsin and metarhodopsin (discussed in3®f This demonstrates that rhodopsin and metarhodopsin can be photoconverted with
appropriate wavelengths of light, and that Re1-1D4metarhodopsin is stable and active in vivo, because of its ability to maintain a
depolarization after the stimulus has ended. Light pulses in panel C were attenuated 3 log units (0.6)mMienthose in panel D were
unattenuated and correspond to 0.50 mW? at470 nm and 0.35 mW/chat 570 nm. The wavelengths of stimulating light are indicated

under the stimulus trace. Panel E shows the spectral sensitivity profiles of controlyfligsd@shed linen = 2) and transgenic flies
expressing th&kh1l-1D4construct ¥ w; ninaE P[Rh1-1D4] solid line,n = 5). The spectral sensitivities of the two strains are virtually
identical. Both strains show prominent peaks of sensitivity in the UV region (near 330, 355, and 370 nm) that are due to the effect of the
sensitizing pigment, and both also show a broad peak in the blue relgign< 478 nm) that corresponds to the absorption profile of the

Rh1 rhodopsin. The w; ninaE host strain does not have a detectable spectral sensitivity when measured by this recording paradigm,
because the amplitude of the response is insufficient to meet the criterion level as described under Materials and Methods. Thus the small
contribution of the R7 and R8 cells present in yh&; ninaEhost strain would not be expected to significantly interfere with the measurement.
Sensitivity values were averaged, and those exceeding 30% error within a window of 10 nm were filtered out. The resulting spectra were
then smoothed with a window of 10 nm and normalized to an amplitude of 1.0.
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cells. Figure 1C shows responses to 470 nm light in control p
(y w, top trace) and y wninaE mutant flies (middle trace). 0.6 - 0.2
The ninaE mutants exhibit only a small response from the
R7 and R8 cells, which are not affected by thmaE

mutation. When th&®h1-1D4opsin construct was introduced 0.4

into they w; ninakE background (bottom trace), the electro- §

physiological response to light was restored. Riel-1D4 S 03 .

flies also exhibited a prolonged depolarizing afterpotential  § 400 500 600
(PDA) following stimulation with 470 nm light (Figure 1D). < 02| 1

The PDA occurs after a substantial amount of the rhodopsin ¥

is converted to a stable metarhodopsin fod)( The PDA 01 -

can be terminated by photoconverting metarhodopsin back

to the rhodopsin form with 570 nm illumination (Figure 1D). 0 -

These results demonstrate that the epitope-tagged form of N I BTN AT STIN A AT B
the Rh1 protein is biologically active and has functional B
properties that are equivalent to the wild-type pigment. 0.5 — 1

0

To determine the spectral sensitivity of thiRh1-1D4 c
rhodopsin, we measured spectral sensitivity physiologically o 0.4 - g
in transgenic flies that expressed the epitope-tagged form of g 5
the pigment. As shown in Figure 1E, the flies are sensitive 8 %[ a
to light in the blue-green region of the spectrum. The § 02 °©
sensitivity curve in the visible region is well fit by a <« 0 07000 2000 3000
rhodopsin absorption nomogram having.ax at 478 nm 01 time (s)
[determined as described previousIg1l( 40, 49-51)].
Moreover, the photoreceptors iRh1-1D4 flies exhibit 0
sensitivity to UV light (Figure 1E), demonstrating tHaih1- e
1D4 efficiently couples to the sensitizing pigmeB( 53). 300 200 500 600 700

Apparently, the alteration at the carboxyl terminus does not

affect the presumed binding site for the sensitizing pigment. F 2. (A) UV—visibl tra oD hilarhodobsinRhL
o . _ . : IGURE £ —ViSIDIe spectra oprosopniarnodopsin -
Purification of Rh1-1D4 from Drosophildhe epitope tag 1D4 and metarhodopsin at 4C. The pigment has an absorption

on Rhlpermitted the purification of the visual pigment in maximum of 474 nm before illumination (curve 1). Upon illumina-
delipidated form. The absorbance maximum of the pigment tion with blue light (461 nm), the absorption maximum shifts to
was 474 nm with a full width of 4700 cm (Figure 2, curve 572 nm (curve 2). At 4°C, metarhodopsin is stable. (Inset)
1), in good agreement with the in vivo measurements (Figure "'um'n?t('on _‘l"l"th 562 r&;n light CO“VF}ﬁS the meltqarhodlcqnps_ln t%the_

. : : original (preilluminated) spectrum. The inset shows the isosbestic
1B,E) and previous reports on lightlark difference spectra point at 502 nm during photoconversion. (B) Decay of metarhodop-
of rhabdomere membrane3(( 45, 54). A western blot of iy at 20°C. The inset shows a double-exponential fit to the
the purifiedRh1-1D4showed a diffusely migrating band of  absorption decrease at 572 nm due to decay of metarhodopsin. The
~36 kDa when probed with 1D4 antibody (Figure 3, left decay curve corresponds to lifetimes of 280 and 2700 s.

panel). There was no copurifying arrestin in the preparation

Wavelength (nm)

(Figure 3, right panel). We obtained30 ug of pigment/ 12 3 1.2 3
mL of heads, which translates to approximately 30 ng of "
opsin/fly. —— :
In addition to the opsin absorption at 280 nm and the !- <«—48 kD
retinal absorption at 474 nm, we observed three sharp <«—37kD

absorption bands in the UV region (337, 355, and 375 nm), 36 kD—» . -

the same peaks found in spectral sensitivity measurements

(see Figure 1E). Since the material remains associated with

the protein through extensive washing in detergent solution -

and has the same UV absorption profile as found in the in

vivo measurements, we believe that the sensitizing pigment

may form a stable complex witRh1-1D4 Either the pigment

is covalently attached to the opsin or there may be a high- Opsin Arrestin

affinity interaction between the pigment and the opsin. Our ] . - )

results do not permit a Qistinction bgtween 'these alternatives.f':rfé?oEng'frc\)/rvnetsﬁgrgu?ilf?éa%r;il}/g'osrrg;gggﬁﬁg%’g?ga\ég'svﬁe

Furthermore, the identity of the pigment is not clear from sojubilized in 1% SDS and analyzed by western blots. The primary

the spectrum alone. From the UV absorbance properties, itantibody was either 1D4 (left panel) or a mixture of anti-arrestin

appears to be a retinyl polyene with five conjugated double antibodies (right panel). Lane 1 contained rhabdomere membranes,

bonds that is present in significant amounts relative to the 'ane 2 contained material not bound to 1D4-Sepharose, and lane 3
L . . contained the material eluted by the competing peptide. Sizes were

p”“C'Pa' Chromo.phore, 3-hydroxyretmﬂrosgphﬂaheads determined by comparison to prestained molecular weight standards.

contain substantial amounts of 3-hydroxyretirgb)( previ-

ously proposed as the sensitizing pigme38)( However in broadened absorption maximur820 nm @3). When retinol

ethanol, 3-hydroxyretinol has a single, inhomogeneously binds noncovalently to bacterio-opsig] or cellular retinol
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binding protein §7), absorption maxima of 343, 357, and
377 nm or 334, 348, and 366 nm are observed, respectively.
The discrepancy between the solution and protein-associated
forms of retinol can be explained by assuming that the shift
in Amax and fine structure arises from the coplanarity of the
B-ionone with the polyene chai®), as has been observed
with retinol model compounds58). The UV spectrum of
Rh1-1D4(Amax 337, 355, and 375 nm) is also consistent with
a number of other related compound@$) including retro-
retinyl aldehyde, alcohol, or fatty acid esters. At present, the
vibronic spectra are not resolved sufficiently to permit
discrimination between the various alternatives. We are
currently investigating the origin and photochemical proper-
ties of the copurifying UV-absorbing pigment.

Spectrum of Rh1l Metarhodopsifrevious studies of
membrane and micellar extracts froDrosophila have
suggested that the behavior Bh1l metarhodopsin is de-
pendent on the presence of arrestdd, (45, 54). In dark-
adapted membranes with arrestin present, the lifetime of
metarhodopsin appears extended. Thus, a second photon of
light is able to convert metarhodopsin back to the original

Absorbance
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pigment, like other bistable invertebrate opsiBs 10, 11,
60). In washed membranes in which arrestin has been
depleted, metarhodopsin does not revert to the original state S R E I B
but undergoes hydrolysis of the Schiff base linkage, as in w 500

. . - i avelength (nm)
most vertebrate opsins. To determine the stability of purified
metarhodopsin, we trapped it at reduced temperanaso-
phila Rh1-1D4was equilibrated in the spectrometer &Gt
for 1 h (Figure 2A, curve 1) and then illuminated with 460
nm light. The absorption maximum shifted to 572 nm (Figure
2A, curve 2). This absorption maximum is in reasonable

Ficure 4: Spectroscopy and photoconversiorRifl-1D4rhodop-
sin at 70 K. (A) Dark-adapteRh1-1D4rhodopsin undergoes a red
shift in the absorption maximum when cooled to 70 K (curve 1,
Amax = 486 nm)). Upon illumination with 435 nm light, a
bathochromic photostationary state (PSS435) is generated (curve
) o IWas thtndi”uirﬂnipoastgzic\;\gg] 52?apem(<l:i3rr3/te(|:3))ss(i3n5s(2t)
: : : ner -Sni .
agreement V\."th literature values for the absorption of g)if?(:}eﬁcagip?egtlrjae; PSeS4%5 minus thergriginal pigment (dashed
metarhodopsin at580 nm @9, 54). When trapped at 4C, jing) and PSS550 minus the original pigment (dotted curve) are
metarhodopsin is stable and photoreversible to the original shown. (B) The PSS435 dark difference spectrum was used to
spectrum with 565 nm light (Figure 2A, inset). Metarhodop- generate an approximate bathorhodopsin spectrum (curga#,
sin, however, was not stable at 20. The absorption at 572 :aﬁ:ﬁlsa?emgh T;e Eniisrr?ast% ?ngﬁlggfg;':fse Se%fﬁfmcm;ﬁd to
nm ShOW. a tlme-dgpendent decre_ase with a concomitant, g, nm). The (?r?ginaRhl-lDQhodoSsin pizment is shown (éurve
increase in absorption at380 nm (Figure 2B). The decay 1) for comparison.
of metarhodopsin required a double-exponential fit, with
lifetimes of 280 and 2700 s (Figure 2B, inset). be necessary to determine how the lipid/detergent environ-
The experiments presented here show that the purifiedment affects the metarhodopsin stability.
Rh1-1D4does not form a stable metarhodopsin species at Cryogenic Spectroscopy and Photochemistry of Riwl.
room temperature. This may be due to the absence of arrestircompare the properties @frosophilabathoRh1-1D4with
(54) in the purified preparation (Figure 2). Alternatively, it the bathointermediates of the vertebrate op$d,-1D4was
may be that the conditions used to isolate and study thestudied at low temperatures. The pH of the samples was 6.6,
protein, 0.1% dodecyl maltoside and the delipidating puri- well below the reported metarhodopsin Schiff bagg pf
fication, are inappropriate conditions for stability of the ~8.5 in mixed micelles45). Under these conditions, the
metarhodopsin conformation. Both invertebrate and verte- majority of the metarhodopsin should be protonated. An
brate opsins are very sensitive to detergent and lipid opsin sample was cooled to 70 K and allowed to thermally
environment (e.g., refel5 and 61—-66). However, since  equilibrate fo 1 h before the spectrum was recorded (Figure
extracts of rhabdomere membranes, under different condi-4A, curve 1). At 4°C, Rh1-1D4has an absorption maximum
tions (1% CHAPS/1% dimyristoylphosphatidylcholine or of 474 nm that shifts to 486 nm when the pigment is cooled
reconstituted liposomes), showed essentially the same lackko 70 K (see Table 2). This red shift in the absorption
of stability of the metarhodopsin specié®y), it seems likely maximum when cooled to 70 K is also observed in some
that at room temperature the metarhodopsin species readilyother vertebrate opsin®§—71). Upon illumination at 70
decays to opsin and free retinal. Our results further suggestK, the opsin absorption spectrum broadens and the maximum
that the metarhodopsin is actually composed of two spectrally shifts to longer wavelengths. Continuous illumination with
identical species that decay at different rates. Crayfish 435 nm light, until no further spectral changes were found,
rhodopsin exhibits two spectrally distinct forms when isolated produced a photostationary state termed PSS435 (Figure 4A,
in digitonin micelles and they form metarhodopsins with curve 2). The difference spectrum, PSS435 minus the original
differentAmax (65). This behavior has been attributed to the dark species, is shown (Figure 4A, inset). To investigate the
detergent environmen6{). Further work orRh1-1D4will reversibility of the low-temperature intermediates, PSS435
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Table 2: Spectroscopic Properties@fosophila Rh1-1D4 The cryogenic batho- product difference spectra of

Rhodopsin Drosophila Rh1-1D4hodopsin (PSS435 minus dark from
T(K) o (nm) Avnt () Figure 4A, ||jset) and selectgd_ verteb_rate visual pigments

WT 777 174 2700 were normalized (the absorptivity maxima set to unity) and
metd 277 572 3300 then integrated under the positive and negative going bands:
WT 70 484 4580 7, . o
PSS435 70 516 4930 lpos = j; Norm[PS§B(v) — R(®»)] dv @
PSS550 70 473 4290 '
bathoRh1-1D4 70 545 P . o
isoRh1-1D4 70 462 lneg= faz Norm[PSS$ (7) — R(%)] d7 (2)
a Data for WT, PSS435, and PSS550 at 70 K were obtained by using

a log-normal fit (see discussion in (ré¥). The skewness parameters \yhere PS§(¥) is the photostationary state induced by

obtained from the fit are as follows: W (= 1.751), PSS4350(=
1.625), and PSS550 & 1.497).° Metarhodopsin (20C, pH 6.6) has
71 = 280 s andr, = 2700 s.

excitation atlg, R() is the spectrum of the initial (11-cis
chromophore) state, Norx][ represents theifax — 1)
normalization function, and the frequency valiagsy,, and
was illuminated with 550 nm light to produce a photosta- 73 are where the absorption equals 0 at the red edge of the
tionary state, PSS550. Although illumination of PSS435 difference spectrum, the crossing point from the positive to
reversed the bathointermediate of the pigment back to a statenegative portion of the difference spectrum, and the blue
similar to the unilluminated state (Figure 4A, curve 3), the edge of the difference spectrum, respectively (sed8dbr
Amax 474 nm, was blue-shifted compared to the dark state, a discussion). The absolute values of the positive and
486 nm. The absorption difference spectrum (PSS550 minusnegative integrals are plotted as a function of the difference
the original dark spectrum) illustrates this shift clearly (Figure spectrum frequency maxima in the lower panel of Figure 5.
4A, inset). The upper panel of this figure shows the shift in the
At 70 K, the retinal binding site of rhodopsin and other frequency of the absorption maximum between the (all-trans)
vertebrate opsins can accommodatecisiretinal (the initial bathophotoproduct and the (11-cis chromophore) initial state.
dark state) along witkall-trans-retinal (the primary photo-  We have added additional pigments in both graphs for
product) and Sis-retinal (isorhodopsin). By illuminating  comparative purposes. By normalizing the difference spectra,
vertebrate rhodopsin with blue light relative to the absorption the band integrals are independent of the primary event
maximum, theall-transretinal species is favored. However, quantum efficiency. These integrals are sensitive to the
100% conversion is never achieved since the absorptionchanges in both the frequency and shape of the initial and
spectra of the 1tis, 9-cis, and alltransretinal species  subsequent absorption spectra as well as the change in the
overlap, permitting photoconversion among all three. The oscillator strength of thém.x band that accompanies the
low-temperature photostationary state (PSS458) formed inprimary photochemical event.
bovine rhodopsin contains approximately60% of the The trends observed in Figure 5 provide a window on the
pigment as the red-shifted, primary intermediate bathor- mechanism of spectral tuning in these pigments. One of the
hodopsin with arall-transretinal chromophore4@, 72, 73). guestions to be answered is whether the retinal Schiff base
If vertebrate rhodopsin is illuminated at low temperature with linkage has a counterion in the invertebrate pigments. The
light on the red side of the absorption maximum (565 nm), position equivalent to the Asp or Glu counterion in the
approximately~90% of the pigment in the PSS565 mixture vertebrate pigments is occupied by a Tyr in most of the
contains eis-retinal @8, 72, 73). The presence of Bis- invertebrate opsins. The observation thatEmesophila Rh1-
retinal is observable by a blue shift in the absorption 1D4 opsin integral trends shown in Figure 5 are systemati-
maximum in the reverse photostationary state. cally identical to those observed for the vertebrate opsins
Drosophila Rh1-1D4behaves like vertebrate opsins at provides strong evidence in support of a conserved mecha-
cryogenic temperatures. When the pigment is exposed to lownism for spectral tuning both within and across both classes.
temperature, the absorption maximum shifts from 474 to 486 We suggest thaRh1-1D4 rhodopsin most likely has a
nm (cf. bovine rhodopsin from 500 to 505 nm). When the protonated Schiff base with a single negatively charged
protein is illuminated with blue light relative to the absorption counterion regulating the spectroscopic and photochemical
peak (435 nm), a bathochromic photostationary state is properties of the pigment. Previous studies have shown the
formed. Red light relative to the absorption maximum (550 retinal Schiff base is protonated in invertebrate pigments
nm) then induces a blue shift relative to the initial absorption (14—16). The data presented in Figure 5 provide evidence

maximum. Therefore, PSS435 should contain moatly
trans, and 1leis-retinal with a small amount of Bis-retinal.

that the 11-cis protonated Schiff base chromophore is
mediated by a single, negatively charged counterion in close

By taking the PSS435 minus initial state difference spectrum proximity to the conjugated-system of the chromophore.

(Figure 4A, inset) and incrementally adding back the initial
spectrum (1leis-retinal opsin) until the resulting curve fits
a log normal equation, an approximate baiot-1D4
spectrum was generated, withlg.x ~ 545 nm (Figure 4B,
curve 4). In a similar fashion, the idg®h1-1D4spectrum,

Otherwise, we would expect theh1-1D4integrals to not

follow the trend lines established by the other pigments with
binding sites that fit this description. We note that for a visual
pigment to display optical characteristics that follow these
trends requires two characteristics of the binding site: a

i.e. containing a 9-cis chromophore, was estimated to haveprotonated chromophore and a single, negatively charged
aAmax~ 462 nm (Figure 4B, curve 5) by adding about 30% counterion near the chromophore. If protonation were the
of the initial spectrum back to the PSS550 minus initial dark only requirement, bacteriorhodopsin would fall on the trend
state difference spectrum (Figure 4A, inset). line. It does not, and this is due in part to the complex
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FiIGURE 5: (A) Frequency shift associated with formation of the bathophotoproduct (£ K00 cnt?) versus the absorption maximum

of the initial (11-cis) protein. (B) Integrals of the positive and negative bands in the bathochromic difference spectra of selected pigments
plotted versus the wavenumber of the peak absorptivity differeipeg(¢q 2) in squares;l,eq (g 3) in circles]. The letters indicate the
pigment and, where relevant, conditions (the invertebrate pigments are shaded darkdrycteriorhodopsin (light-adapted),=Rchicken

red cone opsin78), K = gecko green cone opsin (P528p), G = chicken green cone opsii@), V = bovine rhodopsin48), S = squid
rhodopsin 68), D = Drosophila Rh1-1D4hodopsin (this study), B= chicken blue cone opsiiYl), Y = X. laevis violet cone opsin at 70

K (48), X = X. laevis violet cone opsin at 30 K48), and M= mouse UV cone opsirg).

(quadrupole-like) counterion environment of this light- maintain a neutral binding site, a previously unidentified
transducing protein7d). An alternative example is the UV amino acid residue or anion must serve as a counterion to
cone pigment of the mouse, which appears to have anthe Schiff base. Ebrey and co-workeg¥(76) have shown
unprotonated chromophoré®) and displays integral values that various anions do not affect the absorption maximum
that are shifted significantly from the trend lines (see Figure of octopus rhodopsin, thus suggesting that a solvent anion
5). The photophysical origins of these trends can be tracedcannot serve as a counterion. Further investigations are
to the influence of binding site electrostatics on the transition required to identify the putative invertebrate counterion and
energy and oscillator strength of the low-lying strongly the molecular origins of bistability in the invertebrate retina.
allowed'B,-like ,7* state (7). A more detailed discussion
of these issues can be found in #8. The question that CONCLUSIONS
remains to be resolved is what is the counterion. In this paper, we presented methods for isolating and
Potential amino acid counterions include Tyr (at the purifying invertebrate visual pigments in sufficient quantities
equivalent vertebrate counterion position), an Asp that is for traditional spectroscopic and biochemical characterization.
conserved among invertebrates in helix 2 (D9®msophila We also presented low-temperature (70 K) spectroscopic
Rh1), or a conserved Asp/Glu on the cytoplasmic face of studies of the most abundant opsin from thesophila
helix 3. Several lines of evidence suggest that the Tyr residueretina,Rh1rhodopsin. By comparing the photochemical and
is protonated and thus cannot be the counter@n15). To spectroscopic properties of this pigment with other vertebrate
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pigments, we conclude that the binding site of this protein
is electrostatically similar to bovine rhodopsin and most
likely has a single counterion generating a neutral chro-
mophore binding site.
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