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ABSTRACT Fourier transform infrared difference spectroscopy (FTIR) reveals that the Meta II intermediate of the
rhodopsin bleaching cascade is structurally distorted relative to rhodopsin. In addition to previously detected alterations
in the state of carboxyl groups, a small part of the protein back-bone undergoes a conversion from a-helical to B-type
structure. All of these changes partially reverse during Meta II decay. This evidence together with FTIR studies of
earlier photointermediates indicates that of the known photointermediates the protein structure of Meta II is the most
distorted. It is concluded that light causes rhodopsin to convert into a conformationally distorted form (Meta II), which
subsequently refolds into a more rhodopsin-like conformation (opsin).

INTRODUCTION

The primary process in visual transduction involves light
absorption by rhodopsin, an integral protein found in the
photoreceptor membrane of vertebrate rod cells. Rhodop-
sin is formed by covalent interaction of the apoprotein,
opsin, with a small chromophoric group, 11-cis retinal (1).
Light absorption causes rapid isomerization of the 11-cis
configuration of retinal to the all-trans form, which is
thought to induce conformational changes in the protein
part of the complex (2). This generates the well known
bleaching cascade, a series of spectroscopically .distinct
intermediates (Fig. 1).

A key step for visual transduction is the formation of
Meta I, which binds and activates a specific G-protein
(transducin). This interaction initiates a signal-conveying
and amplifying system in the rod outer segment resulting
in activation of a cyclic-GMP phosphodiesterase (3, 4).
The interaction of Meta Il with the G-protein can be
blocked via phosphorylation of Meta II, a reaction cata-
lyzed by a specific protein kinase (4) or by thermal decay
of Meta II. The latter process has a half time of ~1 min at
37°C (5) and is the first of the two slower steps that results
in the release of all-zrans retinal and formation of opsin
(5-7).

Since rhodopsin bleaching and regeneration is a cyclic
process, the protein conformational changes induced by
bleaching must eventually be reversed. This report
addresses in part the question of when this refolding
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occurs. One can imagine two distinct possibilities. (a) The
protein changes that have occurred by Meta II might
reverse upon rebinding of 1l-cis retinal to opsin. (b)
Conformational refolding might occur during the Meta 11
decay, which involves formation of the long lived interme-
diate Meta 111 as well as opsin and all-trans retinal (5-7).

Indirect biochemical evidence supports but does not
prove alternative b (6). For instance, like rhodopsin, both
opsin and Meta III do not activate the G-protein and are
much poorer substrates for the protein kinase than Meta I1
(4). Further, the chemical reactivity of opsin and Meta I11
i1s more comparable to rhodopsin than to Meta II (6).
Finally, the steric requirements of the chromophore bind-
ing pocket (8) and the kinetic parameters of the binding
reaction of 11-cis retinal with opsin (5) are also suggestive
of conformational similarity between opsin and rhodopsin.
However, so far no direct structural evidence has been
reported to show that the decay of Meta II is indeed
accompanied by conformational refolding.

To address this question, we have utilized Fourier
transform infrared (FTIR) difference spectroscopy, which
has been applied previously to study conformational
changes up to the Meta Il stage of bleaching (9-12).

METHODS

FTIR measurements were made as described before (9, 10) on fully
hydrated multilamellar films of photoreceptor membrane formed using
the isopotential spin-dry method (13). These films have been shown to
undergo normal bleaching and are fully regenerable with 11-cis retinal
(14).

All spectra were recorded at 20°C, using a spectrometer (model 60 SX;
Nicolet Analytical Instruments, Madison, W) equipped with a Deuter-
ated Triglycine Sulfate detector. A 100-W fiber optic illuminator (Dolan-
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FIGURE 1 Bovine rhodopsin bleaching sequence at room temperature

with absorbance maxima for different intermediates along with their
approximate decay times.

Jenner Industries, Inc., Woburn, MA) filtered with a 500-nm long-band
pass filter was used for bleaching.

An important aspect of the FTIR measurements was the ability to
obtain high signal-to-noise difference spectra in approximately 1-min
periods. This was accomplished by recording each spectrum at 8 cm™"
resolution, a spectrum consisting of 300 scans. The mirror velocity was 0.4
cm/s, with 2,048 data points in the interferogram. The Meta 11 decay
difference spectra were computed by subtracting a spectrum recorded 1.5
min after the bleaching light was turned off from successive spectra
recorded at 1.5-min intervals. Under these conditions, difference spectra
that compare favorably with previously reported FTIR differences (9)
were obtained in | min rather than the normal 15 min necessary for data
acquisition.

RESULTS AND DISCUSSION

In this report, we restrict ourselves to the range 1,400—
1,800 cm ', where important structural groups in rhodop-
sin absorb. The rhodopsin-to-Meta II difference spectrum
is shown in Fig. 2 (dashed line) and agrees with earlier
reports (9, 10) except for a much improved signal-to-noise
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ratio. We have found that many of the IR spectral
differences that appear by the Meta Il intermediate decay
at 20°C with a half time of ~7 min. This is most apparent
from a comparison of the initial rhodopsin-to-Meta Il
difference spectrum with the Meta II decay spectra
(Fig. 2). A comparison of the difference spectra between
rhodopsin and the bleached sample after 1 min and 15 min
(Fig. 3) also reveals that many of the spectral features
originally present have decayed.

In general, difference spectra of photoreceptor mem-
brane can contain contributions from the chromophore,
protein, and lipid components of the membrane. Lipid
exchange studies so far indicate that lipids do not signifi-
cantly contribute to the changes described below (unpub-
lished observations). For the chromophore, prominent reti-
nal vibrations are observed in the resonance Raman spec-
trum of rhodopsin at 1,655 cm™' (protonated C=N
stretch) and 1,545 cm~' (C=C stretch) (15, 16). These
peaks would be expected to appear as negative features in
the rhodopsin-to-Meta II transition difference spectrum.
Strong peaks in these regions are observed but at higher
frequencies (Fig. 3, solid line). Notice, however, that the
rhodopsin bleaching difference spectrum (Fig. 3, dashed
line) at 15 min after bleaching shows reduced negative
peaks exactly at these frequencies. This can be explained
by the presence of negative peaks in the early bleaching
difference spectrum (rhodopsin to Meta II), which have
partially disappeared by 15 min. This decay is observed
directly in the decay difference spectra (Fig. 2, solid lines)
and reveals large negative peaks at 1,661 and 1,557 cm™'
that are accompanied by positive peaks at 1,643 and 1,531
cm™'. These peaks reflect structural alterations that have
occurred between rhodopsin and Meta II, and have then
reversed during the decay of Meta II.

As discussed below, many of the spectral changes that
occur during the decay of Meta II appear to involve
alterations in protein groups. (@) The above mentioned
increases during Meta Il decay at 1,557 and 1,661 cm™!
are accompanied by decreases of intensity at 1,643, 1,684,
and 1,531 ecm™". Such frequency shifts are characteristic of
rearrangement of the peptide backbone and are consistent
with a shift from a 8-sheet or turn to an a-helical structure
(17, 18), reversing the alterations that occur during the
formation of Meta II. This rearrangement could involve at
most a few peptide groups since the changes in absorbance
(~0.01) are small relative to the absolute amide I absorb-
ance (~1.0). We also note that an amide I frequency as
high as 1,660 cm™' may also be indicative of an a;,-helix
(19) and is close to the amide I frequency observed in
bacteriorhodopsin (20). (b) The rhodopsin-to-Meta II
difference spectra are very similar in this region, irrespec-
tive of whether they are taken in D,O or H,O (9, 11).
Hence, it is unlikely that the water band at 1,640 cm™'
contributes to the difference spectrum. (¢) Additional
peaks observed in the decay spectra include the peaks
above 1,700 cm™' assigned to carboxyl groups (10) and
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FIGURE 2 Protein conformational changes from rhodopsin-to-Meta I1 are partially reversed during Meta I1 to opsin decay. FTIR difference
spectra in the 1,800-1400 cm™' region for rhodopsin-to-Meta II transition (dashed line) and Meta I1 decay (solid lines). Note that the Meta
11 decay spectra have been flipped for comparison with the rhodopsin to Meta I1 difference spectrum.

positive peaks at 1,515 and 1,264 cm™' characteristic of
tyrosine along with negative peaks at 1,505 and 1,273 cm™'
characteristic of tyrosinate (21). All of these groups
undergo an alteration between rhodopsin and Meta II that
reverses during the Meta I decay.

To check whether the above mentioned reversals could
be due to the unlikely possibility that rhodopsin regenera-
tion might occur due to formation of 11-cis retinal from
free all-trans retinal during illumination, we studied
bleaching in the presence of hydroxylamine, which reacts
rapidly with Meta II and Meta Il11, as well as free retinal,
to form retinaloxime. The rhodopsin-to-Meta II difference
spectrum after 1 min (cf., Fig.4) exhibits a marked
reduction in many of the peaks associated with protein
changes, particularly near 1,665, 1,642, 1,554, and 1,532
cm™'. This spectrum closely resembles the difference spec-
trum (Fig. 3, dashed lines) between rhodopsin and the
Meta II decay products 15 min after bleaching without

hydroxylamine. In addition, only small changes in the
rhodopsin to Meta II difference spectrum with hydroxyl-
amine were observed over a period of 15 min. Hence, it
appears that the presence of hydroxylamine either signifi-
cantly speeds up the protein refolding or that it completely
blocks the protein changes that normally occur up to Meta
II formation. The first explanation must be correct since
hydroxylamine does not inhibit Meta II formation but is
known to rapidly abolish Meta II by conversion into opsin
and retinaloxime, as well as to preclude formation of Meta
III (22).

Fig. 5 shows the time course for the decay of several
protein related peaks after bleaching at 20°C. The half
time of all peaks is ~7 min at 20°C and the decay rate is
enhanced by increasing temperature (¢,,, = 3 min at 30°C;
not shown). This compares well with the decay of Meta II
as measured in aqueous suspensions of photoreceptor
membrane (5, 22). It is found that there is 50-60% return
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FIGURE 3 Rhodopsin bleaching difference spectrum at 1 min and 15 min. Difference spectra were computed by taking the difference
between a spectrum recorded immediately before a 1-min light exposure and spectra that were recorded starting at 30 s (solid line) and 15 min
(dashed line) after light exposure. The acquisition time of each spectrum was 1 min.
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FIGURE 4 Rhodopsin bleached in the presence of 0.5 M hydroxylamine. Difference spectra were recorded as described in Fig. 3 caption.
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FIGURE 5 A plot of the absolute integrated intensity of selected peaks in the Meta II decay difference spectrum at 20°C (shown in Fig. 2) as

a function of time after the bleaching light is turned-off.

of the protein to its original rhodopsin conformation after
15 min. A slower decay was also observed beyond 15 min,
although complete refolding was not observed even after
3h

Although Meta II decays to a mixture of 60—70% Meta
III and 30-40% opsin (22), the coexistence of these two
species cannot explain the observed incomplete refolding.
In particular, the 15-min Meta II decay difference spec-
trum is very similar to the 1.5-min difference spectrum in
the presence of hydroxylamine (Fig.4), which rapidly
converts all photoproducts into opsin and retinaloxime.
Hence, Meta III and opsin probably have very similar
conformations, in agreement with less direct biochemical
evidence (6, 22). It is conceivable that the absence of the
chromophore allows the interior of the protein to adopt a
dynamic equilibrium between two states. One state would
resemble the rhodopsin configuration. The other state
would be a Meta IlI-like conformation, however without
expression of the specific Meta Il signal-sites at the
exterior of the protein. Alternatively, the residual Meta
11-like features may reflect a subpopulation of the original
Meta II that has not completely undergone refolding. In
this regard, it will be important to determine whether the
extent of refolding is temperature and pH dependent, as is
found in the case of the the Meta I-to-Meta I1 equilibrium
(6). It is unlikely, however, that the incomplete refolding
reflects a homogeneous population of bleaching interme-
diates that have partially returned to a rhodopsin confor-
mation since many of these peaks are assigned to single
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residues (10), and the spectral changes observed during the
decay of Meta II have similar frequencies to the changes
produced during the formation of Meta II from rhodop-
sin.

CONCLUSIONS

In conclusion, we provide the first direct evidence that the
decay of Meta Il involves refolding of the protein back to a
more rhodopsin-like conformation. There are several points
to consider in regard to these findings. (@) Meta Il appears
to be the most distorted photointermediate in the photocas-
cade. In addition to the refolding of the protein observed
during Meta Il decay, all other photointermediates before
Meta Il including lumirhodopsin have now been studied by
FTIR difference spectroscopy (23) and found to exhibit
less protein alteration. In particular, vibrations associated
with peptide backbone alterations and carboxyl groups are
found to exhibit maximum change at the Meta II state. In
view of the fact that rhodopsin stores 60% of the absorbed
photon energy during the initial bleaching step (9, 10, 24),
it is likely that the energy driving these protein rearrange-
ments at Meta Il is directly derived from the photon
energy, although the present experiments do not conclu-
sively establish this. () The similarity between rhodopsin
and opsin conformation may be related to the fact that
opsin is physiologically inactive as an initiator for visual
transduction. Meta I, the conformationally most distorted
protein state, has a high affinity for the G-binding protein
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(transducin) and the ATP-dependent protein kinase (4),
but both rhodopsin and opsin show no or only low affinity
for these proteins. The protein refolding we observe during
Meta II decay probably reflects to some extent the confor-
mational changes underlying this change in affinity. (c)
The similarity between opsin and rhodopsin explains why
11-cis retinal binds spontaneously to opsin without any
intermediate conformational steps (6). In particular, the
refolding we observe during Meta II decay may restore
rhodopsin’s binding pocket, allowing direct access of 11-cis
retinal but not all-trans or 13-cis retinal. Protonation of the
Schiff base would not require further protein alteration.
This is in agreement with recent evidence indicating that
binding is determined mainly by steric constraints (8).
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