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ABSTRACT:. Nanosecond laser photolysis measurements were conducted on digitonin extracts of artificial
pigments prepared from the cone-type visual pigment, P521, of the Tokay géek&d gekKpretina.
Artificial pigments were prepared by regeneration of bleached gecko photoreceptor membranessith 9-
retinal, 9¢€is-14-methylretinal, or Sis-a-retinal. Absorbance difference spectra were recorded at a sequence
of time delays from 30 ns to 60s following excitation with a pulse of 477-nm actinic light. Global
analysis showed the kinetic data for all three artificial gecko pigments to be best fit by two-exponential
processes. These two-exponential decays correspond to similar decays observed after photolysis of P521
itself, with the first process being decay of the equilibrated P521 Bath®521 BSI mixture to P521

Lumi and the second process being the decay of P521 Lumi to P521 Meta I. In spite of its large blue
shift relative to P521, iso-P521 displays a normal chloride depletion induced blue shift. 1so-P521’s early
intermediates up to Lumi were also blue-shifted, with the P521 Batteb21 BSI equilibrated mixture

being 15 nm blue-shifted and P521 Lumi being 8 nm blue-shifted relative to the intermediates formed
after P521 photolysis. The blue shift associated with the iso-pigment is reduced or disappears entirely by
P521 Meta |. Similar blue shifts were observed for the early intermediates observed after photolysis of
bovine isorhodopsin, with the Lumi intermediate blue-shifted 5 nm compared to the Lumi intermediate
formed after photolysis of bovine rhodopsin. These shifts indicate that a difference exists between the
binding sites of 9- and 1tis pigments which persists for microseconds at’@0

Our knowledge of visual pigment photochemistry and known of the late photointermediates of cone pigments
function is largely based on studies of the rhodopsins from indicates differences in exactly this aspect. Similarly,
rod cells which function at low light levels. In contrast, at regulation of color sensitivity in cone pigments is central to
high light levels cone visual pigments generate the excitation their function, but the mechanism for this is also poorly
signal, not rhodopsin. Higher ambient light levels intrinsi- understood. Studies of point mutations in bovine rhodopsin
cally carry more information that cone cells and their show many ways that its absorbance spectrum can be
pigments are designed specifically to exploit. Cone cells changed. However, most are associated with functional
are usually smaller than rods, providing higher spatial problems, as for example the G90D mutation, leaving open
resolution and faster time response. Similarly, their pigments the question of how nature controls absorbance of pigments
are tuned to have different spectral sensitivities in specific in functionally benign ways1).
cone cells to extract color information; cone pigments could  stydies of cone pigments have been comparatively rare
also have to deal with the issue of secondary photolysis hecause cone pigments usually occur in mixtures, and
which can arise at higher illumination levels. Both of these gseparation of the pigments is difficult due to the fact that
pigment features point to significant differences between rod they are chemically less stable than rhodopsins. It is thus
and cone pigments which make it unlikely that an adequate extremely fortunate that over 90% of the visual pigment in
understanding of the latter can be based solely on experi-the Tokay gecko retina consists of a single cone-type
ments with the former. For example, the late photointer- pigment, P5217, 3. P521 displays several features which
mediates (beginning with Meta'Ipf most rhodopsins absorb  are important for the understanding of wavelength regulation
in the visible region, making those pigments unsulitable for anq function of cone pigments. One cone pigment property
vision at high light levels because their accumulation would shown by P521 is a chloride-induced red shift of ap-
lead to secondary photoproducts. Indeed, what little is proximately 20 nm in its long-wavelength absorbance band.

Another property which differs between cone pigments and

* This research was supported by the National Institutes of Health '0d pigments is the extremely large blue shift of thei9-

(Grants EY00983 to D.S.K. and EY01323 to T.G.E.). (iso)pigments relative to those formed from the native 11-

* Author to whom correspondence should be addressed. cis chromophore. In P521 this shift is 33 nm compared to
* University of California, Santa Cruz.

s University of lllinois, Urbana-Champaign. 13 nm for bovine rhodopsird]. In the chicken red cone
IWeizmann Institute of Science. pigment, iodopsin, the shift from isoiodopsin to iodopsin has

Qf AAé;strag:t publisgedhimcz)ua?]cehAgs A_bst[act_sl?vemr?edr 1, 1'991\7/{ been reported to be even larger, on the order of 40 Bm (
reviations: Batho, bathorhodopsin; Lumi, lumirhodopsin; Meta FPAE ;
I, metarhodopsin I; PSB, protonated Schiff base; ROS, rod outer but the .Shm IS 0”'3’ this large near roo”.‘ ter‘r.lperatLﬁ)al(
segment; TBS, TRIS-buffered saline solution; TRIS, tris(hydroxym- On cooling to—195°C the spectrum of the iso-pigment shifts
ethyl)aminomethane. until it is only 25 nm to the blue of iodopsin. Given these
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interesting shifts in the cone pigment spectra induced by
factors which have little or no effect on bovine rhodopsin,
the question naturally arose of how these shifts correlate with
those of the photointermediates of P521.

In previous work {) we explored the chloride dependence
of P521 photochemistry. For P521, decay of the Batho
photoproduct is much faster than for bovine rhodopsin. At
room temperature P521 Batho has relaxed into an equili-
brated mixture with its decay product, P521 BSlI, within 20
ns after photolysis. This equilibrated mixture was also seen
after chicken iodopsin photolysis and was designated&3L (
On the 100-ns time scale the equilibrated mixture decays to
P521 Lumi, and on the hs time scale P521 Lumi decays
to P521 Meta I.

P521 BathCiK=eg P521 BS P521 Lumi—
P521 Metall ...

Chloride concentration was found to affect tig, between
P521 Batho and P521 BSI. The presence of chloride had
been previously shown to cause thermal back-isomerization
at low temperatures after photolysis of iodopgih (At room
temperature the photolysis of P521 reduces the chloride
binding constant at the BSI photointermediate. This implies

that chloride release accompanies the normal progress of the

early cone pigment photointermediates.

Here we report complementary investigations of the
photointermediates of several artificial iso-pigments of P521
to gain further insight into the structural characteristics of

early photointermediates of cone pigments. We regenerated

gecko pigments using 8is-retinal, 9¢is-14-methylretinal,
and 9-cise-retinal (with the double bond moved from the
5,6 position of the ring to the 4,5 position; Chart 1). One
of these chromophores,ds-14-methylretinal, had not been
previously studied in its bovine pigment, and previous studies
of bovine isorhodopsin had left uncertainties concerning the
absorbancen,y of its early photolysis intermediates, bathor-
hodopsin (Batho), BSI, and lumirhodopsin (Lumi). We thus
report new studies of those bovine pigments, as well.

EXPERIMENTAL PROCEDURES

Sample Preparation

The synthesis of @is-14-methylretinal was performed
according to the method of Chat al. (9). 9-ciso.-retinal
was synthesized froma-ionone using methods described
previously (0).

Purified gecko visual pigment membranes were prepared
as follows. Thirty-six retinas were removed under dim red
light (Kodak No. 1A safety lamp) from the eyes of Tokay
geckos Gekko gekkpwhich were dark adapted, immobilized
by cooling to 4°C, and then sacrificed. The retinas were
homogenized in 43% sucrose in Buffer K (67 mM sodium
phosphate buffer, pH 7.4, 2.7 mM KCI, 1 mM MgCD.1
mM CaCh, 1 mM dithiothreitol, 0.1 mM PMSF). Photo-

Lewis et al.

Chart 1: Artificial Visual Pigmengs

@ These pigments were prepared by regeneration with the aldehydes
shown (all these chromophores produce iso-pigments since they are
9-cis isomers rather than the native tis-isomer of retinal).

at 4°C for 3 min with yellow light from a 500 W tungsten
lamp equipped with a Corning 3-73 cutoff filter. Regenera-
tion of pigments proceeded typically as follows. The
bleached membranes were washed once with Buffer K
containing 1 mg/mL bovine serum albumin, twice with
Buffer K, and then resuspended in 5 mL of Buffer K. The
bleached pigments were then regenerated by addition of an
approximately equimolar amount of chromophore and in-
cubated at 4C for 1 h. The membranes were then pelleted,
resuspended in Buffer K, and frozen for future use. Gecko
preparations which had been regenerated with the appropriate
retinal derivative were thawed and extracted with 2%
digitonin dissolved in pH 7.0, 10 mM TRIS, 60 mM KCl,
40 mM NacCl, 2 mM MgC}, 0.1 mM EDTA buffer (TBS)

as previously described); Typically 1.2 mL of extract was
used to measure a series of time dependent difference spectra.
Due to varying yields in regenerating the pigments the
concentrations of the extracts differed, with typical values
for the pigments being 1, 0.4, and 0.2 absorbance units/cm
for the iso-pigment, 14-methyl-iso-pigment, ardiso-
pigments, at theirlmavalues of 488, 490 and 455 nm,

receptor outer segment membranes were recovered from thé@Spectively.

homogenate by three flotations (39@Q#x 4 °C for 30 min)

Bovine rod outer segments (ROS) were regenerated with

using 43% sucrose in Buffer K to maximize the recovery. 9-cis-14-methylretinal using a procedure described previously
The membranes were then subjected to two successivg(ll). The regeneration gave a pigment absorbing at 492 nm
flotations using 38% sucrose in Buffer K, washed twice with with a yield of 86% based on the amount of opsin originally
Buffer K, and suspended in 10 mL of Buffer K. present. The regenerated ROS were stripped of extrinsic
To bleach gecko P521, photoreceptor membrane suspenmembrane proteins by washing with pH 7.0, 1 mM EDTA
sions were illuminated in the presence of 100 mM JOH solution. After stripping, the pigment-containing membranes
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were spun down and solubilized in 2% ocf#s-glucopy- Table 1. Observed Lifetimes
ranoside detergent (octyl glucoside) in TBS. The resulting
solution had a bleachable absorbance of 1.1 in a 1-cm path

[Batho=BSI]— Lumi—

| th cell at 492 Bovi isorhod ; ift of species Bathe» BSI Lumi Meta |
ength cell a nm. Bovine isorhodopsin was a gift o
. . gecko P521 b 110 ns 4.8s
Steven Sml_th an_d May Han of the Depa_r_tment_ of Chemistry gecko iso-P521 b 120 ns 7.%s
at Yale University. It was also solubilized in 2% octyl  gecko 14-methyl- b 550 ns 2s
glucoside in TBS at a final concentration of 1 mg/mL. iso-P521
geckoa-iso-P521 b 60 ns lus
Chloride Effect bovine rhodopsih 40+ 7 ns 230+ 20 ns b
bovine isorhodopsin ~ 3& 7 ns 210+ 20 ns b
To determine the dependence of the iso-P521 absorption bovine 14-methyl- ~ 60+ 15 ns 410+ 100 ns b
Amax ON chloride concentration, a 10Q- aliquot of the 2% isorhodopsin

digitonin suspension was dialyzed against pH 7.0, 10 mM  2Lewis et al (7). ®Not observed °Data of Huget al (14)
TRIS, 100 mM KSQ, solution using a Slide-A-Lyzer interpolated for 20°C.

dialysis cassette. The contents were diluted 1:10 into 2%

digitonin in pH 7.0, 10 mM TRIS, 100 mM ¥SOy, and the ~ WWavelength Accuracy

absorbance spectrum was recorded at room temperature in The accuracy of thénmax values reported for the photo-

a Shimadzu 2101 spectrophotometer. Successive aliquotsntermediates in Table 2 depend on a number of factors. In
of 4M KCI solution were added and the spectrum was general, the highest accuracy is achieved for longer lived
rescanned. Thémaxof each sample was determined relative intermediates which have no significant back-reactions to
to the spectrum recorded after bleaching in the presence ofthe preceding intermediate. Where such equilibria are

5 mM NH,OH. present, uncertainties in the equilibrium constant are the
o dominant contributor to thémax uncertainty. In favorable
Kinetic Spectroscopy cases such as for Lumi in all pigments studied here and for

. . Meta | in P521, the accuracy is limited by the precision with

Time dependent difference spectra were measured asphich the spectrograph can be reset to the same position
described previously7} at a range of delays from 20 nSt0 5 ) When better accuracy is required, as needed for
60 us after photolysis with a 7-ns pulse of 477-nm light qnfijence that a difference exists between the Lumi from
(fluence= 100 xJ/mn¥). Measurements on bovine isor- y),ine rhodopsin and isorhodopsin, this source of uncertainty
hodopsin samples were conducted using an apparatus (24yas eliminated by conducting experiments on both pigments
uL sample per photolysis) which has a 1-cm probe beam \ithoyt resetting the spectrograph. Under those conditions
path length{2). Measurements on all other samples studied o precision of measurementsti¢ nm and the uncertainty
here were conducted using a microscale apparatus (f in the accuracy of the measured difference betwags
sample per photolysis) with 2-mm probe beam path length y4yes of two intermediates 1.5 nm instead of the:3

(13). This apparatus was improved to allow temperature nm expected from the uncertainty in the accuracy of the
control, and all measurements reported here were performeqndependent measurements.

at 20°C. For either apparatus, the probe beam was polarized
at 54.7 relative to the linearly polarized actinic laser. RESULTS

The absorption difference spectra collected for each sample
were fit globally using previously described methodd)(
Fits to sums of one, two, and three exponentials were Data collected after photolysis of the three artificial gecko
attempted. For a given fit, lifetimes and b-spectra (spectral pigments are shown in Figure 1. For all three artificial
changes associated with each lifetime) were obtained. pigments the data covering the range from 20 ns ta$0
Combined with an assumed mechanism, the b-spectra carwere best fit by two-exponential processes whose lifetimes
be used to construct intermediate difference spectra which(base e) are given in Table 1. As is the case for P521 (
are the absorbance difference between the assumed mechahe decay of Batho into equilibrium with BSI is too fast to
nism’s postulated intermediates and the “bleach”, the spec-resolve with our 20-ns time resolution, and the first species
trum of the pigment changed by photolysis. By adding the observed in all three pigments is the equilibrated Batho
“bleach” spectrum to the intermediate difference spectra, BSI mixture. The first observed lifetime corresponds to the
absolute spectra of the intermediate species can be deterelecay of this mixture to Lumi, and the second lifetime
mined. To measure the “bleach” spectrum of the bovine corresponds to the decay of Lumi to Meta |. Figure 2 shows
pigments studied here, a previously described procedure washe absolute spectra of the three species formed for each of
used (5). Because gecko P521 is unstable in the Ammonyx the artificial pigments. The light lines give the experimental
LO used for the bovine procedure, a modified procedure was spectra obtained from the global fit by adding back the
used to remove absorbance of photoproducts from thebleach, and the heavy lines show the fit of simple Gaussians
wavelength region where the artificial gecko pigments’ long- to the experimental spectra. Table 2 gives the values
wavelength absorption bands occur. We have determinedfor these Gaussians. Since the spectrum of the first species
that at low concentrations of NlDH (<5 mM) the gecko formed after photolysis of the iso-gecko and iso-14-methyl-
pigments studied here are stable for the time required for gecko pigments is very broad, indicating the presence of
the bleach measurement. For the gecko pigments, 3 mMsignificant amounts of both Batho and BSI in the equilibrium
NH-OH was added to the special sample used to determinemixture, the first species for these two pigments was fit to
the “bleach”; in all other aspects the procedure was the sametwo Gaussians corresponding to Batho and BSI. The basis
as previously used. for the decomposition is discussed below.

Gecko Photolysis Experiments
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FiIGURE 1: Absorbance difference spectra recorded at a series of Figure 2: Spectra of intermediates observed after photolysis of
time delays after 477-nm photolysis of gecko artificial visual gecko artificial visual pigments. (Top) Iso-P521. Data in Figure 1
pigment in digitonin extracts. (Top) Iso-P521. Averaged data from (top) were best fit with a biexponential process which corresponds
two experiments each using 1.2 mL of an extract of gecko retinas to a sequential decay involving three species whose specta are
which had been regenerated wittc@-retinal and which had an  shown by the light lines. The spectra of the intermediates were fit
absorbance of 0.2 at 488 nm in the 0.2-cm path length cell usedto Gaussian functions shown by the heavy lines. The spectra of
here. (Middle) Iso-14-methyl-P521. Data from an extract of gecko the equilibrated mixture was decomposed into the sum of two
retina which had been regenerated withi§14-methylretinal. The Gaussian functions shown by the heavy dashed lines labeled Batho
extract had an absorbance of 0.08 at 490 nm in the 0.2-cm pathand BSI. An equilibrium constant of 1.4 was used in the
length cell used here. (Bottom) Is6P521. Data from 1.2 mL of  decomposition (assuming equal extinction coefficients for Batho
an extract of gecko retina which had been regenerated wils-9-  and BSI). Theimay for Gaussians is given in Table 2. (Middle)
a-retinal and which had an absorbance of 0.04 at 455 nm in the |sp-14-methyl-P521. Spectra for the intermediates computed as
0.2-cm path length cell used here. Data were collected at fewer gescribed above using an equilibrium constant of 0.5. (Bottom) Iso-
time delays because the low sample concentration reduced they-pP521. For this pigment noise prevented using all the data in the
signal-to-noise ratio. These data are typical of those obtained fromfit, Instead, only the wavelength region where the signal was largest
two different regenerations with this chromophore. was fit. The range fit is shown by the light lines. By analogy with
the artificial bovine rhodopsin pigment made frontig-a-retinal

Figure 2 also shows the Gaussians that were fit to the the first species observed is composed only of BSI.

bIeaph gxperlments. While tf_us spectrqm s, 1o first ap- of poor regeneration yield. This resulted in significantly
proximation, the same as the pigment which was photolyzed ;e 1oise being present in the time dependent difference
to produce the intermediates shown, it also contains sma"spectra, so fewer time points were monitored and more data
contributions due to secondary photoproducts such as theyere collected at those time points. Because of the remain-
11cispigment. In the case of iso-P521 photolysis, this effect jng noise, fitting was confined to the wavelength region
probably accounts for the blue shift of the bleach spectrum \here the time-dependent changes were largest. This region
to 483 nm from the observelhax of iso-P521, 488 nm. No s shown in Figure 2 (bottom). Because of the uncertainty
such shift was observed for the 14-methyl-iso-P521, and thein the a-iso-P521 data, the difference between the bleach
bleach was fit with a Gaussian whoggax was 490 nm, 1., 448 nm, and that of the pigment, 455 nm, is probably
identical to that of the pigment itself. For thec&-a-retinal not significant. Further, no attempt was made to decompose
regenerated sample, much less pigment was available becaugie spectrum of the first species observed after photolysis
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Table 2: AmaValues of Intermediates (nm)

species pigment Batho BSI Lumi Meta |
gecko P521 521+1 570+ 3 520+ 4 516+ 2 506+ 2
gecko iso-P521 48%& 1 560+ 3 508+ 4 508+ 2 503+ 2
gecko 14-methyl-iso-P521 4991 560+ 3 475+ 4 500+ 2 502+ 2
o-iso Gecko P521 45% 3 430+ 3 463+ 3 455+ 3
bovine rhodopsih 498+ 1 529+ 3 477+ 3 49242
bovine 13-ethyl-isorhodopsin 488+ 1 539+ 3 498+ 4 489+ 2
bovine isorhodopsin 48% 1 525+ 3 483+ 4 487+ 2
bovine 14-methyl-isorhodopsin 4991 545+ 3 453+ 4 480+ 2

alewis et al. (7). ° Hug et al. (14). ¢ Lewis et al. (11).
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Ficure 3: Absorbance difference spectra recorded at a series of FIGURE 4: Spectra of intermediates observed after photolysis of
time delays after 477-nm photolysis of bovine artificial visual bovine artificial visual pigments. (Top) Isorhodopsin. Data in Figure
pigments in octy|8-p-glucopyranoside suspensions. (Top) Isor- 3 (top) were best fit with a biexponential process which corresponds
hodopsin. Averaged data from two experiments each using 12 mL to a sequential decay involving three species with an equilibrium
of detergent suspension of bovine rhodopsin regenerated with 9-  step after the first decay. These can be decomposed using an
retinal. The suspension had an absorbance of 1.0 at 485 nm in thesquilibrium constant of 2.0. This results in the intermediate spectra
1.0-cm path length cell used here. (Bottom) Bovine iso-14- shown by the light lines. The spectra of the intermediates were fit
methylrhodopsin. Data from an extract of bovine rhodopsin which to Gaussian functions shown by the heavy lines. The for

had been regenerated withc®-14-methylretinal. The extract had  Gaussians is given in Table 2. (Bottom) Bovine iso-14-methyl-
an absorbance of 0.22 at 492 nm in the 0.2-cm path length cell rhodopsin. Spectra for the intermediates computed as described
used here. above using an equilibrium constant of 2.0.

into two components, and, for the reasons discussed belowy ghows the absolute spectra of the intermediates obtained
all of its absorbance was assigned to BSI. from the global fit by adding back the bleach spectrum. There
was evidence for a small amount of conversion of isor-
hodopsin to rhodopsin, with the isorhodopsin bleach being

Data collected after photolysis of bovine isorhodopsin and shifted to 483 nm. There was also a similar shift to 489 nm
14-methyl-isorhodopsin are shown in Figure 3. These dataof the 14-methyl-isorhodopsin bleach observed relative to
were also best fit by two-exponential processes. However, the 492-nmi,., of the unphotolyzed pigment.

for the two iso-pigments studied here, as for bovine rhodop- ) ) .
sin, these processes correspond to decay of Batho into 10 obtain the absolute intermediate spectrum for BSI, the

equilibrium with BSI followed by decay of BSI into Lumi. equilibrium constant for the Bathe> BSI reaction needed
Detergents such as octyl glucoside perturb bovine Lumi t0 be estimated. The estimate ki, was based here on
decay, but up to Lumi the kinetics in octyl glucoside are Simple constraints on the spectra of an acceptable photoin-
identical to those of native rhodopsin membrane suspensiongermediate, i.e. that it have non-negative absorbance and that
(16); thus only the early intermediates were studied here in its shape be approximately Gaussian. Here a value of 2.0
these octyl glucoside suspensions. The lifetimes observedsatisfied these constraints for both isorhodopsin and 14-
for the artificial bovine pigments are given in Table 1. Figure methyl-isorhodopsin.

Bovine Photolysis Experiments
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Gecko Iso-P521 Chloride Effect that a significant portion of the extra iso-P521 blue shift

persists through the iso-P521 Lumi stage. The blue shift
: . : then is much reduced or disappears at Meta |. This can be
free buffer, thedmay of its absorption difference spectrum  geon in Figure 2a where the difference between Lumi and
shifted to 469 nm. As chloride ion was added back, the o4 | is much smaller than the comparable difference for

visiblhe (;Jand intensified, and trbmax red—slhifte?] until it h P521. These data indicate that the extra blue shift of iso-
reached 488 nm in 90 mM KCI. In wavelength terms the pe1 comes from a difference in the protein environment

red shift was approximately 50% complete at a chloride around the chromophore for thec8isomer which persists
concentration of 1 mM. The data (not shown) were ¢, » fo\ microseconds after photolysis. If the extra blue
qualitatively similar to results for P521L{) except for a gpier\vas purely due to a difference in distortion of theis-
general 33-nm blue shift for the iso-P521 data at ComlOarablechromophore in P521 relative to bovine rhodopsin, itis likely

chloride concentrations. that the difference would be erased immediately by isomer-
DISCUSSION ization. The extra plue shift of i_so-P'_521_ does not appear to
involve a perturbation of chloride binding. The range of
Iso-P521 Intermediates wavelength shift, 20 nm, and apparent binding constant for
chloride, 1 mM, that we measured for the iso-P521 sample
Though Tokay gecko retina contains two pigments, P467 were similar to those for P521 itse), In effect the extra
and P521, we believe that the P467 contribution to the signalsiso-P521 blue shift is completely additive with the chloride
we observe is negligible compared to the noise level of our depletion induced blue shift.

measurements. Three lines of argument support this conclu-  pgide from the persistence of the extra blue shift of the

sion. First, the amount of P467 in gecko retina is at least jso_pg5o1 photointermediates, the behavior of iso-P521 after
an order of magnitude smaller than the amount of P521 [our ptqiysis is very similar to P521. The slight forward shift

own partial bleaching experiments show6% P467 in ot heK . is similar to that observed for bovine isorhodopsin.

agreement with CrescitellL)]. Second, our 477-nm laser e somewhat greater amount of secondary photolysis of
source is closer to the 488-nifax 0f iso-P521 than itis to 5 p521 to P521 compared with bovine isorhodopsin (as
iso-P467, increasing the relative photolysis by the former. o\ iqenced by the larger shift of the bleach spectrum from
Finally, the position of the laser on the blue side of the is_o- the pigment....) Seems consistent with the overlap between

P521 absorbance band tends to reduce back-photolysis ofe pjye-shifted spectrum of the first product which appears
Batho, increasing the primary photolysis yield, while for iso- ,ring the laser pulse and the wavelength of the actinic light.
P467 the opposite is true. Greater conversion of iso-P521 to P521 is also favored by

The difference spectra after photolysis of iso-P521 shown e larger red shift of the 1dis pigment compared to bovine
in Figure 1 (top) appear quite different from those observed ypggopsin.

after similar photolysis of P5217). This does not neces-
sarily indicate that a different initial photoproduct is formed |so-14-methyl-P521 Intermediates
from the two pigments since the gross form of the difference
spectra is determined as much by the photolyzed pigment The data for iso-14-methyl-P521 shown in Figure 1
spectrum as by the photoproduct. The photolyzed pigment (middle) are qualitatively similar to those from iso-P521.
contributes to the time independent part of the difference However, there are significant quantitative differences
spectra through the bleach while the properties of the initial, between the two pigments resulting from shifts in fhgx
thermally unstable photoproduct are contained in the time- values of the intermediates. As shown in Figure 2 (middle),
dependent part of the difference spectra. When attention isthe first species detected has an extremely broad absorption
focused on these time-dependent parts, as shown by theeven compared to the iso-P521 case, indicating the presence
results in Table 1, it is clear that the initial photoproducts of a more blue-shifted BSI absorption spectrum. Another
from P521 and iso-P521 on our time scale are similar if not difference is that larger changes take place at the later times
identical in time dependence. The major difference in the in the middle part of Figure 1 because of the relatively large
appearance of the data in Figure 1 (top) from the comparabledifference in the extinction coefficients of the Lumi and Meta
P521 data results from the unusually large blue shift in the | intermediates of iso-14-methyl-P521. Also, some of the
Jmax Of the 9<¢is cone pigment. For P521 the shift is over difference in the gross form of the data between the top and
twice as large as it is for bovine rhodopsin. middle parts of Figure 1 results from the apparently smaller
Comparison of thémax values for the photointermediates amount of secondary photolysis in the iso-14-methyl-P521
in Table 2 shows that at least some of the early intermediatescase, again as evidenced by the lack of shift in the bleach
after photolysis of iso-P521 continue to be blue-shifted relative to the iso-14-methyl-P521 spectrum. The lack of
relative to those from P521. The clearest case is the iso-any shift in the bleach must indicate that thecid pigment
P521 Lumi intermediate since that intermediate is observedhas either a reduced stability or red shift compared to the
relatively directly. While Batho and BSI suffer from more unmodified retinal chromophore in P521.
uncertainty because their spectra are derived from that of The observed rates for decay of the iso-14-methyl-P521
the equilibrated mixture, that mixture itself is approximately photointermediates are also significantly slowed compared
15-nm blue-shifted for iso-P521. By choosing somewhat to the iso-P521 data. Some of the slowing of the first
blue-shifted values for th&nas of Batho and BSl in Table  observed rate comes from the smaklgy estimated for iso-
2, the Keq for the iso-P521 equilibrated mixture could be 14-methyl-P521. However, this does not completely account
made closer to the value of 1 which prevails for P521 itself. for the longer first lifetime, and the microscopic decay rate
If the values in Table 2 were red-shifted, tig, value would of BSI must also be slower than for the other P521 pigments.
differ even more from the P521 value. It thus seems clear That the microscopic rate would decrease for the 14-methyl

When the iso-P521 sample was dialyzed against chloride-
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substitution is not surprising, since in artificial bovine Table 2). This parallels the case discussed above for iso-
rhodopsin pigments prepared from other retinal derivatives 14-methyl-P521 except that there the shift was even larger
with added bulk along the polyene chain, the BSI micro- than it is for bovine rhodopsin. Alkyl substitution at C14 is
scopic decay rate has been slowed by a factor up fdjt (  as close as it is possible to make to the PSB, and as such it
Indeed, as discussed below, this chromophore shows similaiis likely to exert its effect on either the distance of the PSB

slowing of the analogous process in bovine rhodopsin. from the counterion or alternatively on water molecules near
_ the PSB. The effect on the bovine B&).xis opposite for
o-1so-P521 Intermediates bulk additions at the C14 and C13 positions of retinal (see

The o-iso-P521 data are shown in Figure 1 (bottom). Table 2). While it would be attractive to assume that at BSI

Although they are noisy, the data are qualitatively different the PSB is shifted closer and farther from the counterion by
from those of the other two artificial gecko pigments. Asis these substitutions, such a direct effect does not seem
the case for artificial bovine pigments made with this Cconsistent with models of PSB/counterion interaction in BSI
chromophore 18), the Batho product is much less stable (20). Atmost, substitutions at these two positions could act
relative to BSI. This results in a completely forward shifted t0 twist the chain oppositely, accounting for their opposite
Batho < BSI equilibrium, and consequently we have Shifts of the BSimay but leaving open the question of why
assigned the spectrum of the first species detected on outhe effect is so much larger for P521 than it is for bovine
time scale to BSI. Because the equilibrium is forward rhodopsin. Ultimately, the larger blue shifts for iso-P521
shifted, the first observed rate becomes equal to the and its intermediates relative to bovine rhodopsin may result
microscopic BSI decay rate, 1/60 ns. This is equal within from P521’s extra red shift itself. That it is not easy to

uncertainty to the value calculated for P521, 1/55 s ( construct a pigment with a large opsin shift is demonstrated
by the relatively slow progress that has been made in
Bovine Isorhodopsin Intermediates understanding the full structural basis for the red shift of

cone pigments. As such, it is possible that cone pigments
represent in some sense a more delicately balanced structure
and one that reports perturbations with larger blue shifts.

The time-dependent data for isorhodopsin are very similar
to previously published resultd9), with small differences
likely to be due to differences in excitation wavelength and
sample temperature. Previous work had not obtained theComparison of P521 and Bme Iso-Pigments
bleach spectrum, so absolute spectra of the intermediates Previous studies have shown a similar sequence of
formed after isorhodopsin photolysis were uncertain. Here pleaching intermediates to occur in P521 as occurs after
the bleach was measured, so the spectra of the intermediategleaching of bovine rhodopsi¥(21). The results for all
shown in Figure 4 (top) are more precisely determined. As the iso-pigments reported here extend that picture of basic
shown in Table 2, small blue shifts are present in the Batho similarity in the early processes of these two opsins. Bulk
and Lumi spectra for the isorhodopsin intermediates com- gt the 14 position and substitution ofc@-o-retinal have
pared to those from rhodopsin, and a small red shift may be similar effects in both systems. In the case of iso-14-methyl-
present in the spectrum of BSI. The fact that the kinetics p521 the blue shift of the BSI intermediate is even more
are essentially identical for the iso-pigment and for bovine pronounced than it is for bovine rhodopsin. Also, in both
rhodopsin indicates great similarity between the initial opsins there seems to be some persistence of the blue shifts
photoproducts. Presumably the observed shifts in the originally present in the @is pigments, at least up to the
intermediate spectra come from distortions of the protein | ymij stage. These similarities are important for understand-
pocket induced by @is binding which persist up to the Lumi  ing cone pigment photochemistry since more studies of
stage. The situation shows some similarity to the iso-P521 povine rhodopsin have been conducted. A good deal is
case, but the shifts seen here are smaller and, in the case gfnown about the red-shifted absorption maximum (opsin
BSI from bovine isorhodopsin, opposite to the gecko shift. shift) of bovine rhodopsin [relative to the retinal protonated
Little can be concluded from thnax of bovine isorhodopsin  Schiff base (PSB) in methanol solution]. Several factors can
BSI, however, since uncertainty in t&q makes thelmax influence the absorption maximum of the retinal chro-
of BSI more uncertain than those of Batho and Lumi. mophore. Weak interaction between the positively charged
Schiff base linkage with its counterion will induce a red shift
in the spectrum. Such a red shift can also be induced by

Figure 3 (bottom) shows the data for 14-methyl-isor- increasing double bond conjugations, e.g., by planarization
hodopsin photolysis, which are quite different from those of the ring-chain conformation or of single bonds along the
of isorhodopsin in Figure 3 (top). A major contributor to retinal polyene. It was also suggested that interactions with
the differences is the strong absorbance of this pigmentnegative charges or polarizable residues can affect the
relative to its photointermediates. The kinetics also differ absorption maximum22). It is currently believed that in
substantially from isorhodopsin as shown in Table 1. In bovine rhodopsin the red shift is mainly induced by a weak
particular, the second observed rate has been slowedSchiff base/counterion interaction. This was initially difficult
substantially, a phenomenon which has previously been notedo rationalize with the high €N stretching frequency.
in several other artificial bovine pigments made from retinals However, it was suggested that the counterion is located close
with bulk added along the polyene chain. The BSI micro- to C12 of the retinal 23,29 and that one or more water
scopic decay constant is slowed by a factor&.5 in 14- molecules bridge the counterion and P2B)( This picture
methyl-isorhodopsin compared to the case for rhodopsin andwas supported by model compound studies demonstrating
is in the range of values from 2 to 4.5 observed for the casesthat a red-shifted absorption maximum due to weak coun-
of 9-ethyl-isorhodopsin and 13-ethyl-isorhodopsid)( The terion—Schiff base interaction is compatible with a high
spectra of the intermediates (see Figure 4, bottom) areC=N stretching frequency as long as effective hydrogen
distinguished by an exceedingly large blue shift for BSI (see bonding to the Schiff base proton is maintain@é)(

Bovine 14-Methyl-isorhodopsin Intermediates
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With respect to the persistence of the blue shift of the iso- differences in the specific effects seen on the Batho spectrum,
pigments into the early intermediates, iso-P521 shows largerboth room temperature and low-temperature studies are
shifts, correlating with the fact that it has more of a blue consistent with persistent differences between the chro-
shift from the 11eis pigment originally. A key observation  mophore environments of bovine rhodopsin and isorhodop-

for understanding the structural basis of these blue shifts issin.

that they are clearly present up to Lumi. The microsecond

duration of these blue shifts after photolysis argues strongly ACKNOWLEDGMENT
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against a picture of the iso-pigments in which thei®-

undistorted 1lcis binding pocket in the opsin. In such a

picture the blue shifts might be rationalized as being due to REFERENCES
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distance and orientation. After isomerization, under these
conditions, the chromophore would be expected to rapidly
achieve a Batho configuration identical to that reached after
11is photolysis and the blue shift would be expected to
disappear within nanoseconds rather than to persist for
microseconds as we observe here. Vibrational cooling after
excitation typically takes place on the picosecond time scale
so that for a blue shift arising solely from a distorted
chromophore to persist, bistable equilibrium positions for
the relaxed Batho, BSI, and Lumi chromophores would need
to be proposed. These seem particularly unlikely since the
Batho and BSI intermediates already represent two bistable
forms of the relaxed chromophore making further bistable
forms less plausible. The persistence we observe thus argues
for differences in the iso-pigment pocket from the dig-
configuration and that these differences relax rather slowly
after chromophore isomerization.

It is hard to understand how a small perturbation of the
protein pocket would persist for microseconds in both these
pigments, since the mobility of protein side chains should
be fairly high. It therefore seems likely that some significant
structural difference exists in the retinal binding pockets of
the iso-pigments that produces a systematic blue shift both
in the pigments and in the early intermediates. Phenom-
enologically, the effect is similar to the result of moving the
counterion closer to the PSB and this indeed may be the net
effect of the modification in the @is binding pocket.
Change in counterion/PSB interaction could be accomplished
directly by displacement of the counterion to a different
position in the 9is pocket or more indirectly by a change
in the position of one or more water molecules between the
9- and 11eis versions of the binding pocket. Interpretation
in terms of binding site water is more tentative because the
interactions of water with the PSB/counterion system are
intrinsically more complicated than can be expressed by a
simple scalar like PSB to counterion distance. At least one
water molecule is believed to occupy the pocket of bovine
rhodopsin and, as discussed by Bir@&)( the difference in
the deuterium induced shift in the=€N stretching mode
between bovine rhodopsin and isorhodopsin can be inter-
preted in terms of a water molecule which hydrogen bonds
to the PSB with different strengths in these two pigments. It
is possible that some difference in the groups to which this
water molecule is hydrogen bonded persists in the early
intermediates. Previous worR?) using low temperature
trapping of Batho has shown differences between the spectra
of Batho products from bovine rhodopsin and isorhodopsin.
That work measured a larger extinction coefficient for Batho
produced from isorhodopsin, but did not find the blue shift
in Bathoimax Seen here at room temperature. In spite of the

1. Sakmar, T. P., and Fahmy, K. (1995). J. Chem. 35325~

2.

3.

337.

Crescitelli, F. (1977) inrHandbook of Sensory Physiology
(Crescitelli, F., Ed.) Vol. 7, Chapter 5, pp 39449, Springer-
Verlag, Heidelberg.

Kojima, D., Okano, T., Fukada, Y., Shichida, Y., Yoshizawa,
T., and Ebrey, T.G. (199Zroc. Natl. Acad. Sci. U.S.A. 89
6841-6845.

. Crescitelli, F. (1982Methods Enzymology 8171—181.

5. Fukada, Y., Okano, T., Shichida, Y., Yoshizawa, T., Trehan,

6.

A., Mead, D., Denny, M., Asato, A. E., and Liu, R. S. H.
(1990) Biochemistry 293133-3140.

Yoshizawa, T., and Wald, G. (196Wature (London) 214
566-571.

7. Lewis, J. W., Liang, J., Ebrey, T. G., Sheves, M., and Kliger,

8.
9.

D. S. (1995)Biochemistry 345817-5823.

Shichida, Y., Okada, T., Kandori, H., Fukada, Y., and
Yoshizawa, T. (1993Biochemistry 3210831-10838.

Chan, W. K., Nakanishi, K., Ebrey, T. G., and Honig, B. (1974)
J. Am. Chem. Soc. 98642-3644.

10. Arnaboldi, M., Motto, M. G., Tsujimoto, K., Balogh-Nair, V.,

11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

21.

22.
23.
24.

26.

27.

and Nakanishi, K. (1979). Am. Chem. Soc. 107082-7085.
Lewis, J. W., Pinkas, Il., Sheves, M., Ottolenghi, M., and
Kliger, D. S. (1995)J. Am. Chem. Soc. 11918-923.

Lewis, J. W., Warner, J., Einterz, C. M., and Kliger, D. S.
(1987)Rev. Sci. Instrum. 58945-949.

Lewis, J. W. and Kliger, D. S. (199Rev. Sci. Instrum. 64
2828-2833.

Hug, S. J., Lewis, J. W., Einterz, C. M., Thorgeirsson, T. E.,
and Kliger, D. S. (1990Biochemistry 291475-1485.

Albeck, A., Friedman, N., Ottolenghi, M., Sheves, M., Einterz,
C. M., Hug, S. J., Lewis, J. W., and Kliger, D. S. (1989)
Biophys. J. 55233-241.

Lewis, J. W., Einterz, C. M., Hug, S. J., and Kliger, D. S.
(1989)Biophys. J. 561101-1111.

Crescitelli, F. (1977%cience 195187—188.

Randall, C. E., Lewis, J. W., Hug, S. J., Bjorling, S. C., Eisner-
Shanas, |., Friedman, I., Ottolenghi, M., Sheves, M., and
Kliger, D. S. (1991)J. Am. Chem. Soc. 113473-3485.

Hug, S. J., Lewis, J. W., and Kliger, D. S. (1988Am. Chem.
Soc. 1101998-1999.

Jaer, S., Lewis, J. W., Zvyaga, T. A., Szundi, |., Sakmar, T.
P. and Kliger, D. S. (1997proc. Natl. Acad. Sci. U.S.A. 94
8557-8562.

Liang, J., Govindjee, R., and Ebrey, T. G. (19B&)chemistry
32, 1418714193.

Honig, B., Dinur, U., Nakanishi, K., Balogh-Nair, V., Gawi-
nowicz, M. A., Arnaboldi, M., and Moto, M. G. (1979).
Am. Chem. Soc. 107084-7086.

Smith, S. O., Palings, I., Miley, M. E., Courtin, J., de Groot,
H., Lugtenburg, J., Mathies, R. A., and Griffin, R. G. (1990)
Biochemistry 308158-8164.

Han, M., DeDecker, B. S., and Smith, S. O. (19B8)phys.

J. 65,899-906.

5. Birge, R. R. (1990Annu. Re. Phys. Chem. 41683-733.

Livnah, N., and Sheves, M. (1993) Am. Chem. Sod.15,
351-353.
Mao, B., Ebrey, T. G., and Crouch, R. (19&ipphys. J.
247—-256.

BI9712908



