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The published electron microscope and X-ray structures of rhodopsin
have made available a detailed picture of the inactive dark state of
rhodopsin. Yet, the photointermediates of rhodopsin that ultimately lead
to the activated receptor species still await a similar analysis. Such an
analysis first requires the generation and characterization of the photo-
products that can be obtained in crystals of rhodopsin. We therefore
studied with Fourier-transform infrared (FTIR) difference spectroscopy
the photoproducts in 2D crystals of bovine rhodopsin in a p22,2; crystal
form. The spectra obtained by cryotrapping revealed that in this crystal
form the still inactive early intermediates batho, lumi, and meta I are
similar to those obtained from rhodopsin in native disk membranes,
although the transition from lumi to meta I is shifted to a higher tempera-
ture. However, at room temperature, the formation of the active state,
meta II, is blocked in the crystalline environment. Instead, an intermediate
state is formed that bears some features of meta II but lacks the specific
conformational changes required for activity. Despite being unable to
activate its cognate G protein, transducin, to a significant extent, this inter-
mediate state is capable of interacting with functional transducin-derived
peptides to a limited extent. Therefore, while unable to support formation
of rthodopsin’s active state meta II, 2D p22,2; crystals proved to be very
suitable for determining 3D structures of its still inactive precursors,
batho, lumi, and meta I. In future studies, FTIR spectroscopy may serve
as a sensitive assay to screen crystals grown under altered conditions for
potential formation of the active state, meta II.
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Introduction

family of G protein-coupled receptors (GPCRs) that

Rhodopsin is the visual pigment responsible for
dim light vision in the rod photoreceptor cells. It
constitutes a prototype within class A of the large
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play an important role in transmembrane
signaling.'” Recently published X-ray structures
from 3D crystals of bovine rhodopsin have provided
us with a detailed picture of the inactive dark state of
rhodopsin.** They have confirmed the arrangement
of rhodopsin’s seven membrane-spanning helices
proposed from homology data,” and from projec-
tion structures obtained from 2D crystals of rho-
dopsin by means of electron cryomicroscopy.®’
From the archaeal light-driven proton pump
bacteriorhodopsin, another example of a retinal-
bound membrane protein with seven trans-
membrane helices, 3D crystals can be obtained
that remain stable under continuous illumination.
This facilitated the collection of diffraction data
and the calculation of 3D structures from the
ground state of bacteriorhodopsin and from inter-
mediates of its photocycle.”®" In contrast to

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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crystals of bacteriorhodopsin, 3D crystals of
rhodopsin were shown not to be stable towards
illumination even at 4 °C. Instead, the crystal lattice
deteriorated irreversibly after photolysis, leading
to the disappearance of diffraction peaks."> This
seriously hampers efforts to obtain a high-
resolution structure of light-activated rhodopsin
and to provide a detailed molecular picture of the
activation mechanism, which is currently based on
less direct methods.

In contrast to 3D crystals, 2D crystals of rhodopsin
proved to be capable of forming photointermediates
even at room temperature without losing their crys-
talline long-range order (J.R. & G.EX.S., unpublished
results). We sought a method to characterize which
photointermediates are formed in the 2D crystals,
and to compare these photointermediates with those
obtained in native disk membranes or in detergent
solution, before initiating structural studies. The
photoproducts of rhodopsin in membranes or deter-
gent micelles have been well characterized in recent
years, e.g. by means of UV-visible spectroscopy,"
Fourier-transform infrared (FTIR) spectroscopy,'*"
Raman spectroscopy’® and electron paramagnetic
resonance spectroscopy of spin-labelled pigments,'”'®
and by various biochemical assays involving
the introduction of cross-links between trans-
membrane helices."~*!

FTIR difference spectroscopy has been shown to
be a particularly well suited method for sensitively
monitoring the changes of both the chromophore
and the protein moiety of rhodopsin in the
sequence of photo intermediates.'*'>** Application
of this technique to 2D p22,2, crystals of rhodopsin
revealed that the crystalline environment does not
support the conformational changes required for
the ultimate transition to the activated receptor
species, meta II. Despite being able to interact
with functional peptides derived from rhodopsin’s
cognate G protein, transducin, the room-tempera-
ture photoproduct in 2D crystals was not capable
of activating transducin and thus initiating signal
transduction. The transitions to the still inactive
precursors of the active state were not blocked in
the crystals. The difference spectra of batho, lumi,
and meta I were very similar to those obtained in
the native membrane environment, although the
transition temperature to meta I was higher in the
2D crystals. These findings establish a basis for
further structural studies on 2D crystals of
rhodopsin using electron crystallography to
provide us with more detailed information about
the structural changes taking place in the earlier
photointermediates of rhodopsin.

Results

Rhodopsin photoproducts in native disk
membranes

We first give a short summary on the photo-
products of rhodopsin in its native disk membrane
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environment. Illumination of the dark state of
rhodopsin leads to isomerization of its covalently
bound retinal chromophore from an inactivating
11-cis to an all-trans geometry. This produces in
native disk membranes a series of still inactive
photointermediates that can be trapped below
characteristic transition temperatures (Scheme 1):
batho (Anax 543 nm, T < —140°C/133 K), lumi
(Amax 497 nm, T < —40°C/233 K), and meta I (Anax
480 nm).*** The last inactive intermediate, meta I,
is in a pH and temperature-dependent equilibrium
with meta II (A\n.c 380 nm), which can be shifted
towards meta II by lowering the pH or increasing
the temperature.”?® Meta II represents the active
receptor state, which is capable of interaction with
and activation of the visual G protein, transducin.
The transition to meta II involves significant con-
formational changes of the protein. These changes,
which lead to a deprotonation of the Schiff base in
meta II, render the equilibrium with its meta I
precursor remarkably sensitive to pH and tempera-
ture, and to pressure, fluidity and spontaneous
curvature of the lipid or detergent matrix where
the protein is embedded. % 3!

Low-temperature photoproducts in 2D crystals

As a first step in the characterization of rhodop-
sin’s photoproducts in 2D crystals, we studied the
low-temperature photoproducts batho and lumi,
which were stabilized by cooling the samples to
—183°C (90K) and —93°C (180 K), respectively,
prior to photolysis, such that they could be
examined by static FTIR difference spectroscopy.
To characterize the different photoproduct states,
we recorded spectra before and after photolysis of
the sample and formed the difference between the
two. In the conventional representation (photo-
product minus initial dark state), positive bands in
the difference spectra belong to the photoproduct
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Figure 1. The transitions to the low-temperature
photointermediates batho and lumi are unperturbed in
2D crystals. FTIR difference spectra were obtained at
—183°C (90K) for the batho intermediate, and at
—93°C (180K) for lumi, both from rhodopsin in 2D
crystals (black) and from rhodopsin in its native disk
membrane environment (grey), all at pH 7.0. In this
representation (photoproduct minus dark state),
vibrational bands of the initial dark state are negative,
while those of the photoproduct states are positive. As
the spectra obtained from 2D crystals correspond to
those obtained from the membrane environment, the
transitions to both batho and lumi are unperturbed by
the crystalline environment.

state, while negative bands represent the initial
dark state. In Figure 1, we can compare the
difference spectra of batho and lumi obtained
from rhodopsin in native disk membranes (grey)
with the photoproducts obtained from rhodopsin
in 2D crystals (black) under otherwise identical
conditions. Obviously, the overall vibrational
patterns of the difference spectra obtained from
2D crystals superimpose very well with those in
the difference spectra obtained from disk mem-
branes, and the vibrational marker bands of the
respective states are present in both the crystalline
and the membranous environment. Such markers
are the strong ethylenic mode at 1535 cm™', the
fingerprint mode at 1208 cm™', and the intense
hydrogen-out-of-plane (HOOP) mode at 921 cm™
in the case of batho, and the HOOP modes around
940 cm™', as well as the shape of the band pattern
of protonated carboxylic acids above 1700 cm™
and in the amide I range around 1650 cm™" in the
case of lumi."* This indicates that the batho and
lumi photoproduct states are regularly formed in
the crystalline environment. Some slight differences
are discernible in the relative amplitudes of some
vibrational bands in the range around 1550 cm™" of
the chromophores ethylenic mode and the protein
amide II modes, as well as in the fingerprint range

between 1300 cm™' and 1050 cm™!, reflecting the
C-C stretching vibrations of the chromophore.
These differences arise presumably from a higher
degree of pigment orientation in samples prepared
from crystals in combination with a non-vanishing
linear dichroism of the involved bands, as
suggested by comparison of the spectra with those
obtained from membrane samples with a better
orientation obtained by isopotential spin drying
(E. Niisken & ES., unpublished results).

The batho state is stable in 2D crystals and in
disk membranes below —130°C. In the tempera-
ture range between —130°C and —90°C, we
found a similar temperature-dependence for the
transition to lumi for the 2D crystals as compared
to disk membranes.

Transition to the meta | state

In disk membranes, lumi is stable below — 60 °C,
such that pure meta I spectra can be obtained at
temperatures above —40 °C. For rhodopsin in 2D
crystals, stable lumi-like difference spectra can be
obtained up to —30 °C and pure meta I is observed
only at —10 °C or higher.

We studied meta I at 10°C and pH 8.5, and
obtained similar difference spectra for both mem-
branes and crystals (Figure 2A, upper spectra).
Both spectra show the typical bands of the meta I
photoproduct, as e.g. the positive amide I band at
1664 cm™' or the HOOP difference band of the
chromophore at —969/+4950 cm™'. The presence
of the typical positive band at 1203 cm™' of
chromophore C-C stretching vibrations further
indicates a protonated Schiff base in both photo-
products. Corresponding UV-visible spectra of
the photoreaction obtained under the same con-
ditions (Figure 2B) confirm a photoproduct with a
protonated Schiff base with the absorption peak at
480 nm typical of meta L. For a closer examination
of the protein conformation, we show in Figure 3
an enlarged view of the spectral region between
1500 cm™ and 1800 cm™'. As can be seen in
Figure 3A, meta I difference spectra obtained from
disk membranes are clearly altered at different
temperatures. The bands at 1538, 1643, and
1664 cm™" differ significantly in intensity, and the
band pattern around 1700 cm™' is altered. These
differences are clearly not due to contributions of
lumi or meta II to the meta I spectra, as contri-
butions by their spectra (shown in shades of grey)
should influence other bands as well. The identity
of meta I is confirmed by the 480 nm visible
absorption peak at both temperatures. Meta I spec-
tra obtained from disk membranes therefore vary
as a function of temperature, and they do so in a
reproducible manner. In Figure 3B we show meta
I spectra obtained from 2D crystals at 10 °C and
0°C, both at pH 8.5, and again, for comparison,
the meta I spectra obtained at 10°C from disk
membranes. The meta I spectra obtained from the
2D crystals show a small variation with tempera-
ture and they show deviations from the spectrum
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Figure 2. The transitions to the meta states. A, In native
disk membranes (grey), rhodopsin forms the still inactive
meta I photoproduct at 10 °C and pH 8.5, while at 20 °C
and pH 5.0, the active state conformation of meta II is
adopted by the protein. In 2D crystals, the meta I state cor-
responds to that obtained in disk membranes, while at
20°C and pH 5.0, the transition to meta II is blocked.
Instead, an intermediate state is formed with a difference
spectrum that lacks some of the features of a meta II differ-
ence spectrum, as e.g. at 1747 cm 'and at 1644 cm™'. B,
Corresponding UV-visible spectra obtained from mem-
brane samples show the shift of the visible absorption
peak from 500 nm for the dark state to 480 nm for meta I
at 10 °C and pH 8.5, and to 380 nm at 20 °C and pH 5.0,
reflecting the deprotonation of the retinal Schiff base in
meta II. The spectra obtained from 2D crystal samples
under the same conditions reveal a 480 nm photoproduct
with a largely protonated Schiff base.

obtained from the disk membranes. The latter
differences are particularly pronounced for the
bands at 1538 cm™!, 1643 cm™!, and 1664 cm ™.
These are, however, the bands that have been
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Figure 3. Comparison of the meta I states in disk
membranes and in 2D crystals. A, Comparison of the
1500-1800 cm ™! range of meta I spectra obtained from
disk membranes at 0 °C (green) and 10 °C (red), both at
pH 85, and of lumi (dark grey) and meta II spectra
(light grey) shows the intrinsic variability of meta I
spectra as a function of temperature. B, Meta I spectra
obtained from 2D crystals of rhodopsin at 0°C (light
blue) and 10 °C (dark blue), both at pH 8.5, do show
some deviations from the meta I spectrum obtained
from disk membranes at 10 °C (red). Within the naturally
occurring intrinsic variability of the spectra shown in A,
the spectra obtained from 2D crystals fully conform to
those obtained from disk membranes.

shown to have the largest intrinsic variability in
meta I in Figure 3A, and the amplitude of these
differences is of comparable size. We should
further keep in mind that the different degrees of
pigment orientation in crystal and membrane
samples may contribute to these deviations, as has
been discussed above for the low-temperature
states. The meta I spectra obtained from 2D
crystals do therefore fully correspond to the meta I
spectra obtained from disk membranes within the
limits imposed by their naturally occurring
intrinsic variability.
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The transition to meta Il is blocked in the
2D crystals

Under meta II conditions at 20 °C and pH 5.0, the
photoproduct obtained in disk membranes shows
the typical absorption shift to 380 nm, which
reflects the deprotonation of the Schiff base in
meta II (Figure 2B). In 2D crystals, on the other
hand, this formation of a 380 nm photoproduct is
largely absent. This is paralleled in the FTIR
spectra obtained under the same conditions
(Figure 2A, lower spectra). The difference spec-
trum obtained from disk membranes shows the
typical difference bands reflecting the transition to
the active state conformation of meta II. These
changes involve, among others, the pronounced
pattern above 1700 cm™" that arises mainly from
C=O0O stretching vibrations of protonated car-
boxylic acid residues and that reflects hydrogen
bonding or protonation changes of the membrane-
embedded residues Asp83, Glul22, Glull3, and
Glul81 (our unpublished results)**~** as well as
the particularly intense amide I difference band at
1644 cm™! that reflects a perturbation of the back-
bone structure due to the conformational transition
of the protein.

For 2D crystals, the spectrum obtained at 20 °C
and pH 5.0 fails to show these typical meta II
marker bands. As there is no substantial deproto-
nation of the Schiff base in the 2D crystals, some
of the deviations from the meta II spectrum
obtained with disk membranes merely reflect
protonation-sensitive chromophore bands, which
are discussed in more detail elsewhere.*® This
sensitivity to Schiff base protonation explains the
positive fingerprint band of the photoproduct at
1203 cm™" and the reduced intensity of the nega-
tive band at 1556 cm ™!, corresponding to the C=C
stretching vibration of the chromophore, in the 2D
crystals. The intensity of the latter band decreases
considerably when the retinal Schiff base deproto-
nates, such that in the difference spectrum
obtained from disk membranes, we see clearly the
C=C vibration of the dark state, while in 2D
crystals, this band is partially cancelled by the
corresponding band of the photoproduct. How-
ever, other differences, particularly the reduced
intensities of the positive band at 1747 cm™*
corresponding to the C=O stretching vibration of
protonated Asp83 and Glul22,>*** and of the meta
II amide band at 1644 cm ™!, indicate that the full
conformational transition to meta II is inhibited in
the 2D crystals. This is supported further by the
still pronounced intensity of the slightly shifted
meta I marker band at 1666 cm™'. An interesting
feature in the spectrum obtained from 2D crystals
is the positive band centered at 1709 cm™', which
is broader and less asymmetric than the corre-
sponding band in the meta II spectrum obtained
from disk membranes. In the meta II spectrum,
this band is known to comprise the C=O stretch-
ing mode of Glull3, which becomes protonated
in the course of receptor activation. The similar

intensities of this band in both spectra may suggest
that Glull3 is protonated in the photoproduct
obtained from 2D crystals, which would be in
agreement with a recently proposed counterion
switch occurring already during the transition to
meta I.°° A quantitative determination of the contri-
bution of Glull3 to the observed band pattern in
the 2D crystal photoproduct is difficult, however,
due to overlapping negative bands. Furthermore,
the C=O stretching vibration of protonated
Glul22 absorbs in the native meta I state in the
same range,” and may therefore contribute to the
observed band.

Comparison to the spectrum obtained under
meta I conditions (as e.g. 10 °C and pH 8.5) clearly
shows that in 2D crystals, the sequence of photo-
products gets stuck in a conformation that is inter-
mediate between that of the inactive meta I state
and that of active meta II. The molecular environ-
ment of rhodopsin in the 2D crystals therefore
limits the conformations accessible to the receptor
compared to disk membranes.

Influence of pH, temperature, and lipid
composition on the conformation of the meta
states in 2D crystals

In disk membranes, the meta I/meta II equi-
librium responds to a variety of parameters, e.g.
temperature, pH, or the composition of its lipid
environment. We therefore investigated by IR
spectroscopy how far the conformation of the
room-temperature intermediate state in 2D crystals
responds to pH, temperature, and lipid environ-
ment, with the aim to shift it further towards that
of active meta II.

As shown above, the difference spectrum
obtained at 10 °C and pH 8.5 corresponds to that
of meta I. Starting from these temperature and pH
values, we observe the appearance of meta II
marker bands (which, in the following, comprise
the positive band at 1747 cm ™!, composed of contri-
butions by Asp83 and Glul22, as well as the
intense amide I band at 1644 cm™") upon increasing
the temperature to 20 °C and/or decreasing the pH
to 4.0; however, never exceeding 50% of the full
intensity of these bands (as observed in disk
membranes) under any of the assayed conditions.
Again, the appearance of these marker bands does
not imply an activation of the receptor molecule,
which should be detectable by its activity towards
transducin, but rather the formation of an inactive
intermediate state bearing some, but not all
features of meta II. Increasing the temperature to
30°C yielded no substantial further increase of
meta II features in the IR spectra (data not
shown), yet decreased noticeably the stability of
the photoproduct. Interestingly, we observed at
20°C, and even more at 30°C, a deprotonation
of the retinal Schiff base in the photoproduct at
alkaline pH, causing a UV-visible absorption
peak at 380 nm (spectra not shown). This deproto-
nation, however, did not reflect formation of a
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meta II state, but rather indicated a titratable Schiff
base in the photoproduct, possibly due to a slightly
looser protein environment of the Schiff base at
these temperatures. Maybe this product corre-
sponds to a meta I species with deprotonated
Schiff base, meta I3, which is formed transiently
in disk membranes above 20 °C as shown by time-
resolved UV -visible spectroscopy.™

Cholesterol is known to shift the meta I/meta II
equilibrium in disk membranes towards the
inactive meta I state® We therefore omitted
addition of cholesterol in the crystallization proto-
col (see Materials and Methods) and compared the
photoproducts obtained in these crystals with
those from regular crystals, where cholesterol is
added routinely to improve crystal quality.*” How-
ever, formation of meta II was inhibited in these
crystals (termed w/o cholesterol), despite the
amplitude of meta II marker bands being slightly
increased (compare Figure 5A). These crystals
were used also in the following experiments,
where we probed the interaction with G protein
and G protein-derived peptides.

Activity of the room-temperature photoproduct
towards G protein

We tested the capability of the room-temperature
photoproduct in 2D crystals to induce nucleotide
exchange and thus activation of the visual G

1.2

[ A pH6.0

1.1

relative fluorescence

1.0

relative fluorescence

20 nM Rho in
disk membranes

protein, transducin, at 20 °C at pH 5.0, pH 6.0, and
pH 70 by a real-time fluorescence assay.*
Unfortunately, low pH values are not accessible to
G protein activation assays, as below pH 6.0, a
slow spontaneous nucleotide exchange of trans-
ducin upon addition of GTP or its non-
hydrolysable analog GTPyS can be observed in
the absence of pigment.*’ At none of the tested pH
values was a substantial activity of the photolyzed
pigment in 2D crystals found, while photolyzed
disk membranes activated transducin efficiently
(Figure 4). In control experiments, we confirmed
that the 2D crystals had the same photochemistry
in the assay buffer as under our standard con-
ditions. From the data in Figure 4, we could
calculate an upper limit for the activity of the
photoproduct in 2D crystals at 20 °C and pH 6.0 of
0.1% of the activity of the respective photoproduct
in disk membranes, which consisted largely of
meta II. At pH 5.0, due to the necessity to correct
for the increased spontaneous activation of trans-
ducin and the consequent increased inaccuracy of
the assay, this upper limit has to be set somewhat
higher, at 2%. These results show quite clearly that
the IR spectra obtained at room temperature do
not reflect a meta I/meta II equilibrium with
small, but detectable, pH and temperature-
dependent contributions of meta II, as this would
lead inevitably to a corresponding, detectable
activation of transducin.

10 nM Rho in
disk membranes

Figure 4. Rhodopsin photo-
products in 2D crystals do not
activate G protein. A, Transducin
activation was measured by moni-

700 nM Rho toring its intrinsic fluorescence
in 2D crystals increase at 20 °C and pH 6.0 in the
no pigment presence of photolyzed rhodopsin

in 2D crystals (without cholesterol)
or in native disk membranes. The
reaction was started by adding
non-hydrolysable GTPyS, indicated
by the arrow. While photolyzed
rhodopsin in disk membranes
activated transducin efficiently as
evident from the fluorescence
increase, even a 70-fold higher con-
centration of photolyzed rhodopsin
in 2D crystals led to no higher fluor-
escence response compared to the

400 nM Rho control experiment without pig-
in 2D crystals ment, indicating an activity less
no pigment than 0.1% of that of disk mem-

branes. B, Experiments were per-
formed as in A, but at pH 5.0,
where an additional spontaneous
fluorescence increase of transducin
due to the lower pH is super-
imposed on the pigment-associated
increase (see the text for details).
Again, the 2D crystals show no
substantial activity.
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Capability of the meta photoproducts to
interact with G protein-derived functional
peptides

We next analyzed whether the photoproducts in
2D crystals are capable of interacting with a high-
affinity analog peptide to the C terminus of the
transducin a-subunit. This undecamer (acetyl-
VLEDLKSCGLF) was found to bind to the active
meta II intermediate in disk membranes and to
shift the meta I/meta II conformational equi-
librium towards meta IL.** The latter behavior is
termed the extra-meta II effect.*>**

In Figure 5A, we show FTIR difference spectra
obtained in the presence and in the absence of
peptide. By forming the difference between the
two difference spectra (with peptide minus with-
out peptide), we obtain information about confor-
mational changes induced by the presence of the
peptide. These peptide-induced double difference
spectra obtained at 20 °C at pH 5.0, pH 6.0, and
pH 8.5 are shown in Figure 5B.

In Figure 5C, we have calculated the correspond-
ing peptide-induced double difference spectra for
disk membranes under meta II conditions (red,
20 °C, pH 5.0) as well as under meta I conditions
(blue, 10 °C, pH 8.5). The red spectrum reflects the
formation of the meta II/peptide complex with
characteristic ~positive bands at 1656 cm™’,
1646 cm™!, and 1535 cm™! as described.**~* It was
found recently that the functionally similar wild-
type peptide undergoes a conformational change
upon complex formation with meta IL,* such that
the peptide-induced double difference spectrum
obtained under meta II conditions (shown in red)
likely contains the difference bands due to this con-
formational change.

Under meta I conditions, the presence of the
peptide efficiently stabilizes the active-state confor-
mation of meta II in disk membranes and thereby
shifts the conformational equilibrium almost com-
pletely from meta I to meta II (extra-meta II effect).
The corresponding peptide-induced difference
spectrum (Figure 5C, blue spectrum) shows, there-
fore, in addition, the large difference bands due to
the extra-meta II effect.

If we compare these two spectra in Figure 5C
with the corresponding spectrum obtained at pH
5.0 with the 2D crystals in Figure 5B (red
spectrum), it becomes evident that in the 2D
crystals the key characteristics of formation of a
receptor/peptide complex are there, but that there
are only small contributions of the extra-meta II
effect, which can be best determined from the
small meta II-like difference bands visible above
1700 cm™'. As all spectra are to scale (normalized
by the 1238 cm™' fingerprint band of dark state
rhodopsin), comparison of the amplitudes of the
spectra in Figure 5B with that of the red spectrum
in Figure 5C allows the conclusion that, as com-
pared to native membranes, complex formation is
almost quantitative at pH 5.0, where the inter-
mediate state is formed, but not at pH 8.5, where
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Figure 5. G protein-derived peptides interact with
photoproducts in 2D crystals. A, The presence of a
20-fold excess of a high-affinity peptide analog of the
transducin a-subunit C terminus gives rise to small
changes in the light-induced difference spectrum
obtained from rhodopsin in 2D crystals (without
cholesterol) at 20 °C and pH 5.0. B, Subtraction of the
spectrum obtained in the absence of peptide from that
obtained in its presence yields a peptide-induced double
difference spectrum, which was obtained at different pH
values at 20°C. C, Corresponding peptide-induced
spectra were obtained for rhodopsin in disk membranes
under meta I conditions (blue, 10 °C, pH 8.5) and meta II
conditions (red, 20°C, pH 5.0). The red spectrum,
obtained under meta II conditions, shows mainly amide
I and II difference bands that are evoked by structural
changes within the complex that is formed quantitatively
between the peptide and the active meta II photo-
product. The blue spectrum, obtained under meta I con-
ditions, reflects in addition the peptide-induced shift of
the photoproduct equilibrium of the receptor from
meta I towards meta II (extra-meta II effect). A similarly
pronounced extra-meta II effect can, however, not be
observed in the 2D crystals. All spectra were normalized
using the 1238 cm ™! fingerprint band of the dark state.

the conformation of the receptor corresponds
rather to that of meta L. The corresponding decline
of the amplitude of the peptide-induced double
difference spectrum with increasing pH rules out
non-specific interactions between peptide and the
protein film as a source of the observed spectral
changes. Therefore, despite not being able to
activate transducin, the intermediate state formed
at pH 5.0 is capable of interacting with the trans-
ducin-derived peptide. However, the free energy
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released by formation of the receptor/peptide
complex and by the structural changes induced in
the peptide seems to be very small and not
sufficient to induce the conformational changes
required for completion of the transition to meta IL

A rigid lipid bilayer may mimic the inhibitory
effect of the crystalline environment

Does the restriction of helix re-arrangement and
thus the inhibition of meta II formation result
from specific protein—protein contacts in the 2D
crystals or are they a consequence of the increased
rigidity of the crystalline environment? To tackle
this question, we reconstituted purified rhodopsin
in a series of saturated diacyl phosphatidylcholine
lipids to study the effect of a rigid lipid environ-
ment on the conformational flexibility of the photo-
receptor. The transition temperatures from the
low-temperature, rigid-gel phase to the more fluid
liquid-crystalline phase have been reported for
aqueous dispersions of the pure lipids to be
24.0°C for dimyristoyl phosphatidylcholine
(DMPC, C,), 41.5 °C for dipalmitoyl phosphatidyl-
choline (DPPC, Ci), and 54.3°C for distearoyl
phosphatidylcholine (DSPC, C,5).*

At 20 °C and pH 5.0, we found in the long-chain
DSPC a photoproduct with an FTIR difference
spectrum very similar to those obtained from 2D
crystals under same conditions (Figure 6A).
Namely, the transition to meta II is blocked in
DSPC. Similar results were obtained for DPPC.
There, however, the amplitudes of meta II marker
bands were slightly higher than in 2D crystals, but
again below 50% compared to native meta II in
disk membranes (not shown). In DMPC with its
shorter acyl chains, the photoproduct was found
to be unstable under the assayed conditions,
decaying rapidly to a species bearing some of the
characteristics of a non-native loose helix bundle,
which has been described as a decay product of
rhodopsin photoproducts in disk membranes at
extreme pH.* In a control experiment with
rhodopsin reconstituted in unsaturated palmitoyl
oleyl phosphatidylcholine (POPC) or egg PC, a
regular meta II spectrum was observed (not
shown).

We therefore focused on DSPC and DPPC
bilayers, and studied these systems in more detail.
As in 2D crystals, the transition temperature
between lumi and meta I was increased in both
lipids. Also G protein activation and interaction
with transducin-derived peptides were similar to
the 2D crystals: rhodopsin reconstituted in either
DSPC or DPPC bilayers was not able to activate
transducin, while it showed a pronounced inter-
action with transducin-derived functional pep-
tides, as shown in Figure 6B and C for the case of
DSPC. Again, this interaction with the peptide
was not sufficient to overcome the restraint
imposed by the rigid lipid matrix onto the confor-
mational flexibility of the protein and to induce
the conformational transition to meta II. Previous

A

20 °C pH 5.0

2D crystals

DSPC membranes

absorption change

with peptide minus w/o peptide

1800 1600 1400 1200 1000
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Figure 6. DSPC membrane vesicles mimic the environ-
ment of 2D crystals. A, The photoproducts of rhodopsin
reconstituted into DSPC lipids (black) are very similar
to those obtained from 2D crystals (grey), as shown here
for the photoproduct obtained at 20°C and pH 5.0,
where the transition to meta II is blocked. B, For the
interaction of the transducin a-subunit-derived peptide
with this photoproduct in DSPC, characteristics similar
to those of 2D crystals (see Figure 5B) were observed.
Namely, the pigment is capable of interacting with the
peptide, but the binding of the peptide is not sufficient
to induce the conformational transition to meta II in the
receptor. C, The transducin activation assay was con-
ducted as described for Figure 4 at pH 6.0 and 20 °C.
Rhodopsin in DSPC vesicles was found to be incapable
of activating transducin, like rhodopsin in 2D crystals.

studies on rhodopsin reconstituted into DPPC
bilayers indicated that the protein-lipid mem-
brane partitions into rhodopsin-rich domains and
rather pure lipid patches below the characteristic
phase transition temperature of the recombinant
membranes.” Such a segregation of rhodopsin
molecules into more densely protein-packed
domains may contribute to the observed behavior
in our study.

Discussion

While 3D crystals of rhodopsin are not stable
under illumination even at 4 °C, but rather lose
their X-ray diffraction quality,® 2D crystals of
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rhodopsin retain their crystalline order even when
illuminated at room temperature (J.R. & G.FEXS.,
unpublished results). Therefore, electron crystallo-
graphy of 2D crystals seems a feasible way to
obtain direct structural data of rhodopsin’s room-
temperature photoproducts, meta I and meta II,
which form a conformational equilibrium. In
contrast to the active-state meta II, its precursor
meta [ is not capable of activating transducin. The
transition to the active state has been shown to
involve a re-arrangement of the transmembrane
helices, which prepares rhodopsin’s cytoplasmic
surface for the binding and the activation of the G
protein.” This re-arrangement has been studied by
a variety of means, including cross-linking of
individual helices,***”* spin-labelling,'®"* fluor-
escence decay”™ or accessibility experiments.”**’
Pressure relaxation techniques have further shown
that this re-arrangement is accompanied by a slight
expansion of the receptor molecule.””*

Our studies have shown that the conformational
changes of the protein that lead to the active
receptor species, meta II, are inhibited in the
environment of our p22,2; 2D crystals. While a
regular meta I photoproduct can be obtained at
10 °C and pH 8.5, the expected transition to meta
II at lower pH and/or higher temperature is
inhibited. Instead a state intermediate between
meta I and meta II is formed, which has a largely
protonated retinal Schiff base and is completely
inactive towards rhodopsin’s cognate G protein,
transducin. The conformation of this intermediate
state bears, to some extent, characteristics of both
meta I and meta II. It shows characteristic
structural marker bands of meta II, as e.g. in the
frequency range of protonated carboxylic acids or
in the amide I range, yet the amplitude of these
bands is reduced to less than 50% of that observed
in functional meta II in disk membranes. Remark-
ably, only the positive band at 1709 cm™ has
about the same intensity as the corresponding
band in meta II, although being somewhat broader
and more symmetric (Figure 2A, lower spectra).
Part of this positive band in the meta II difference
spectra had been assigned previously to the C=0O
stretch vibration of Glull3, which forms the
counterion to the protonated Schiff base in the
dark state and becomes protonated during
the transition to meta II.** This may indicate that
protonation of Glul13, despite being a requirement
for receptor activation,® is, in this particular case,
not sufficient to pave the way to meta II.

Two properties of this intermediate state seem
particularly important. First, it should not be con-
sidered as a native state of the protein, i.e. a state
that reflects intrinsic properties of the protein in
the disk membrane, as the known photointer-
mediates of rhodopsin do. It rather represents an
artificial state that is formed solely due to the
limitations exerted by the crystalline environment
on the conformational freedom of the receptor.
Second, it cannot result from a merely shifted
equilibrium between meta I and meta II, such that

contributions of meta II marker bands to the
obtained IR difference spectrum arise from a rela-
tively small occupancy of the meta II state under
the given conditions in the 2D crystals. If this was
the case, we would expect the photoproduct to be
active towards transducin, to a degree correspond-
ing to the amount of meta II that should be present
to generate the observed difference spectrum. This
can be clearly excluded, however, on the basis of
the negative transducin activation assays. Further-
more, no substantial extra-meta II effect is
observed in the presence of transducin-derived
peptides in 2D crystals, despite the fact that bind-
ing of these peptides is not inhibited. Such an effect
would, however, be expected in the case of a meta
I/meta II conformational equilibrium.

In addition to the importance for structural
studies, our results have relevance for the
activation mechanism. The helix re-arrangement,
which is known to be required for the transition to
the active receptor species, seems to involve only
a relatively small free energy gain, which is not
sufficient to induce the required structural changes
in the immediate environment within the crystal-
line matrix or to break the lattice order of the
crystal. This may indicate that the expected move-
ment of helix 6 suggested by studies performed
with a variety of structurally sensitive methods
(see Meng & Bourne® and references therein)
should be considered as a release of interhelical
constraints rather than an active pushing.

Is the inhibition of receptor activation in 2D
crystals a direct consequence of the crystal lattice
and the defined contacts between protein and
lipid arising from it? A recent electron microscope
study on the same rhodopsin p22,2, 2D crystals
indicates close contacts between helices 4 and 6 of
neighboring molecules,” which might hint at a
direct involvement of the crystalline order and of
the resulting defined helix—helix contacts. On the
other hand, we observe a quite identical inhibition
after reconstitution of delipidated rhodopsin into
the rigid environment of DSPC bilayers in the gel
phase. Rhodopsin activation is known to depend
on the presence of lipids with highly unsaturated
fatty acid chains, which seem to form a fluid belt
around the receptor molecule, as suggested by
recent molecular dynamics simulations.” Such a
solvation of the receptor is not given in a DSPC
bilayer with fully saturated long acyl chains nor in
the generally lipid-poor 2D crystals. The slight
inhibitory effect of cholesterol in the 2D crystals
further supports this notion that it is not the
crystalline property of the 2D crystals alone but
rather the rigidity of the immediate receptor
environment, including the lipids, that prevents
receptor activation. These results emphasize the
importance of the interplay between protein con-
formational  equilibria and  environmental
conditions.

Binding and activation of transducin to the
activated receptor is known to involve at least two
recognitions sites on the a and the y-subunits of
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the G protein.®” Synthetic peptides corresponding
to these recognition sites are known to interact
with the receptor and to stabilize its active-state
conformation.*** It was shown by FTIR
spectroscopy that a large part of the induced
vibrational pattern in the complex between the acti-
vated receptor and full-length transducin can be
observed already in the complex with the short
peptides.®**  The peptide-induced changes
observed in the IR difference spectra likely reflect, to
some extent, conformational changes within the pep-
tide in the complex with active meta II observed
recently by transferred nuclear Overhauser effect
NMR spectroscopy.***> Our observation that the
low-pH, room-temperature photoproduct in 2D
crystals is capable of interacting with the transdu-
cin-derived peptides, but is completely inactive
towards transducin itself, is interesting and may be
of more general relevance. It could suggest that the
interaction of an activated receptor with its G protein
consists of a sequence of at least two events: the first
event involves binding and induced conformational
change of at least one of the recognition sites on the
G protein, giving rise to the IR signature of the recep-
tor—peptide complex. This interaction seems to be
less pronounced, if the conformation of the receptor
is closer to that of meta I, yet it does not require the
full structural re-arrangement of the receptor that
occurs during formation of active meta II. This full
helix re-arrangement is required only in the second
step, which catalyzes the structural changes within
the G protein, leading to nucleotide exchange in the
G protein’s nucleotide-binding pocket and thereby
to its activation.

Our studies have revealed that the environment
of rhodopsin in 2D crystals does not allow for full
activation of the photoreceptor. Instead, the helix
re-arrangement required for the transition to active
meta II is inhibited and the sequence of photo-
intermediates is blocked somewhere between meta
I and meta II. Does this restriction imposed by the
rigid environment also affect the earlier, inactive
intermediates? Both batho and lumi, which were
trapped at —183 °C and —93 °C in the 2D crystals,
were very similar to their counterparts formed in
native disk membranes. Also, the transition tempera-
ture between both intermediates was found not to be
affected by the changed environment. Such an inter-
ference is observed only during the transition from
lumi to meta I, where the transition temperature is
increased in 2D crystals from —40°C to above
—20°C. This influence of the environment on the
relaxation of the protein shows that the lumi to meta
I transition of rhodopsin must involve small struc-
tural changes that couple to the matrix surrounding
the protein. Such changes could involve slight helix
deformations, which, however, should be much
smaller than those involved in the activation step
leading to meta II. Meta I itself does not show a
unique FTIR spectrum. Instead, the intensities of
meta I marker bands vary with temperature.
Within the limits imposed by this intrinsic vari-
ability of meta I marker bands, the meta I spectra

obtained from the 2D crystals are very similar to
those obtained from disk membranes. Therefore,
irrespective of the 20—30 K upshift of the transition
temperature, the resulting meta I state in 2D
crystals corresponds to that observed in native
disk membranes, as judged from the FTIR spectra.
The inactive intermediates, which can be trapped
in the 2D crystals at cryogenic temperatures in the
case of batho and lumi or by lowered room tem-
perature and/or alkaline pH in the case of meta I,
seem to reflect faithfully the conformation of the
respective states in native disk membranes. The
2D crystals are therefore very well suited to deter-
mine the structure of these intermediates by means
of electron crystallography and to broaden our
understanding of signal transduction in rhodopsin
as well as other G protein-coupled receptors.

Materials and Methods

Isolation, purification, and crystallization
of rhodopsin

For crystallization, rhodopsin was isolated from
bovine rod outer segments, purified in lauryldimethyl-
amine oxide by concanavalin A affinity chromatography,
and crystallized according to established procedures
resulting in 2D p22,2, crystals.” To improve the yield
and the quality of crystalline material, a modified proto-
col was used for crystallization that included the
reconstitution of rhodopsin in the presence of additional
cholesterol.”” In some preparations, called w/o
cholesterol, no exogenous cholesterol was added prior
to crystallization (although there may be a small amount
of endogenous cholesterol present in the 2D crystals that
was not stripped off during the purification step in
detergent). The 2D crystals were stored at 4 °C in dialysis
buffer containing 20 mM Hepes, 100 mM NaCl, 10 mM
MgCl,, 3 mM NaN;, 4 mM mercaptoethanol, 4 mM DTT,
2.5% (v/v) isopropanol, adjusted to pH 7. All manipula-
tions were performed under dim red light to avoid
bleaching of the pigment.

Rhodopsin in washed disk membranes was prepared
according to established procedures.”® For pigment
reconstitution in lipid bilayers of defined composition,
rhodopsin was purified on concanavilin A in 1.2%
(w/v) n-octyl B-D-glucoside (B-OG)* and mixed with
the respective lipid (Sygena, Liestal, Switzerland), dis-
solved in 1.2% B-OG, at a molar ratio of 1:200. After
short sonication and incubation for two hours on ice,
this mixture (10 nmol of rhodopsin in a total volume of
100-400 pl) was dialyzed over a period of at least
36 hours against a volume of 40 ml of 1 mM phosphate
buffer (pH 6.5), at 4 °C in a micro-flow-through system
using microdialyzer units with a 7kDa cutoff (Pierce
Biotechnology, Rockford, IL, USA) and a buffer flow-
rate of 150 ml/hour. After dialysis, samples were
pelleted and stored at —80 °C.

FTIR spectroscopy

FTIR spectroscopy was performed with a Bruker IFS
28 spectrometer equipped with a mercury—cadmium-
telluride detector. The 2D crystals were transferred from
dialysis buffer to 1mM sodium phosphate buffer
(pH 6.5), by centrifugation prior to sample preparation.
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We prepared sandwich samples from 0.5nmol to
1.0 nmol of pigment in either 2D crystals, disk mem-
branes, or defined lipid membranes as described.'>* As
buffers, we used 20 ul of 200 mM sodium citrate, Mes
(2-N-morpholinoethanesulfonic acid), or BTP (Bis-Tris—
propane) buffer, in overlapping ranges, containing
200 mM NaCl. As a control, we checked that the sand-
wich samples of 2D crystals show the same room-
temperature photochemistry in the UV —visible range as
suspensions of 2D crystals.

The IR spectra were recorded in blocks of 512 scans
with a spectral resolution of 4 cm™' (acquisition time of
one minute) and corrected for temporal baseline drifts.
To initiate the photoreaction, samples were photolyzed
for 30 seconds with light from a 150 W tungsten lamp
fitted to fiber optics. We generally used a >530 nm
long-pass filter for illumination, except for the batho
and the lumi intermediates, which were obtained by
illumination with light between 455 nm and 500 nm and
between 435 nm and 480 nm, respectively, to allow for
an efficient formation of the respective pure
photoproduct.®® Batho and lumi photointermediates
were trapped at cryogenic temperatures in a custom-
made, continuous-flow cryostat cooled by liquid
nitrogen to the desired temperature. FTIR spectra were
generally normalized using the 1238cm™' band of
rhodopsin.

UV-visible spectroscopy

For UV-visible spectroscopy, sandwich samples
identical with the infrared samples were used in a
Perkin—-Elmer Lambda 17 double-beam spectro-
photometer equipped with a temperature-controlled
sample holder. Illumination was similar to the IR
experiments.

Transducin activation assay

Transducin was isolated from illuminated, osmotically
shocked rod outer segments from bovine retinae and
purified by hexylagarose chromatography essentially as
described.®”®® Purified transducin was dialyzed against
10mM sodium phosphate (pH 7.0), 150 mM NaCl,
2 mM MgCl,, 1 mM DTT, 0.1 mM phenylmethylsulfonyl
fluoride, 50% (w/v) glycerol, and stored at —20°C.
Transducin activation was assayed by monitoring its
intrinsic tryptophan fluorescence changes upon nucleo-
tide exchange® in a custom-made instrument with
excitation by a deuterium lamp and a 290-310 nm
band-pass filter. Fluorescence was detected in 90°
geometry from a 1ml thermostatically controlled fluor-
escence cuvette under continuous stirring through a
>340nm long-pass filter by a photo multiplier in
single-photon counting mode. The assay was performed
at 20 °C in 900 ul of 20 mM citric acid buffer (pH 5.0) or
Mes (pH 6.0 and pH 7.0), 150 mM NaCl, and 2 mM
MgCl, with 400 nM transducin and catalytic amounts of
pigment. The pigment was photolyzed (>530 nm long-
pass filter) and, after having recorded a fluorescence
baseline for 100 seconds, nucleotide exchange was
started by the addition of 50 pl of non-hydrolysable
GTPyS to a final concentration of 10 uM. The fluor-
escence traces were corrected for background intensity
of the system and the dilution effect and then normal-
ized to the initial fluorescence intensity.

The relative activity was calculated from the slope of
the fluorescence increase at time zero divided by that

obtained with rhodopsin in disk membranes at a given
concentration of pigment. This was achieved by fitting
the intensity of the fluorescence traces to the model func-
tion I(t) = Iy — Iy exp(—t/7) to yield the parameters I,
and 7. The slope at time zero was determined by forming
the first derivative, yielding d/dtH(t)l;=o = Ia/7. In the
case of a slow fluorescence response, a linear fit was
used instead. In addition, the slope of the baseline prior
to addition of GTPyS was determined and accounted
for by adding a corresponding linear term to the model
function in the fitting procedure. This term, however,
was found to be very small throughout.

FTIR experiments with transducin-derived peptides

Peptides were added in a 20-fold excess to the pig-
ment suspensions prior to sample preparation. We used
a high-affinity analog to the C terminus of the transducin
a-subunit (acetyl-VLEDLKSCGLF).*?
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