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ABSTRACT: Time-dependent studies of membrane protein function are
hindered by extensive light scattering that impedes application of fast o * o
optical absorbance methods. Detergent solubilization reduces light scat-
tering but strongly perturbs rhodopsin activation kinetics. Nanodiscs may
be a better alternative if they can be shown to be free from the serious
kinetic perturbations associated with detergent solubilization. To resolve
this, we monitored absorbance changes due to photointermediates formed 5 )
on the microsecond to hundred millisecond time scale after excitation of
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bovine rhodopsin nanodiscs and compared them to photointermediates that form in hypotonically washed native membranes as
well as to those that form in lauryl maltoside suspensions at 15 and 30 °C over a pH range from 6.5 to 8.7. Time-resolved difference
spectra were collected from 300 to 700 nm at a series of time delays after photoexcitation and globally fit to a sum of time-decaying
exponential terms, and the photointermediates present were determined from the spectral coefficients of the exponential terms. At
the temperatures and pHs studied, photointermediates formed after photoexcitation of rhodopsin in nanodiscs are extremely similar
to those that form in native membrane, in particular displaying the normal forward shift of the Meta 1,30 == Meta II equilibrium with
increased temperature and reduced pH which occurs in native membrane but which is not observed in lauryl maltoside detergent
suspensions. These results were obtained using the amount of thodopsin in nanodiscs which is required for optical experiments with
rhodopsin mutants. This work demonstrates that late, physiologically important rhodopsin photointermediates can be characterized
in nanodiscs, which provide the superior optical properties of detergent without perturbing the activation sequence.

hodopsin is important both as a visual pigment and as a
Rmodel for other G protein-coupled receptors (GPCRs).!
Time-resolved studies of rhodopsin have been particularly valu-
able in revealing early steps in the activation of GPCRs. However,
at later times rhodopsin photointermediate kinetics reveal strong
detergent sensitivity,” a fact that complicates measurements and
highlights the need for improved understanding of the
GPCR—membrane interface. Site-directed mutagenesis has pro-
vided key information about structural features involved in
GPCR activation,* ® but rhodopsin mutants have typically been
prepared in detergent suspensions, and the final steps, those
closest to the formation of the final, active signaling state, are
exactly the ones perturbed by detergents.7’8 Therefore, a need
exists to extend time-resolved study of rhodopsin mutants to a
more membrane-like environment.

Reconstitution of rhodopsin or its mutants in liposomes has
often been used, with varying degrees of success, to restore native
membrane behavior.”'° Unfortunately, liposome preparations are
not ideal for time-resolved optical measurements because of their
light scattering property. Liposomes have a further disadvantage
in that they tend to be heterogeneous and often become even
more so when a membrane protein is incorporated.11 Hetero-
geneity is a problem because it can make interpretation of the
already complex scheme of rhodopsin photointermediates diffi-
cult, so a better characterized alternative is sought. Nanodiscs,
which are small patches of membrane bilayer whose edge is
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stabilized by high-density lipoprotein (HDL) or derivatives
thereof, have emerged as an attractive candidate.'* These have
been shown to incorporate 1 or 2 rhodopsin molecules'*'* and
have excellent optical properties, similar to detergent-solubilized
rhodopsin. Rhodopsin in nanodiscs has been used to probe
rhodopsin activation in static experiments'>~"* but has not yet
been used for time-resolved measurements, and in particular,
nanodisc preparations have not been demonstrated to be feasible
for such measurements on rhodopsin mutants.

Bl MATERIALS AND METHODS

Preparation of Rhodopsin Nanodiscs. Nanodisc samples were
prepared using a method reported previously.'® Briefly, thodopsin
was purified from bovine retinae as described elsewhere.'® Purified
rhodopsin (solubilized in 1.46% octyl glucoside), a high-density
lipoprotein derivative MSP (membrane scaffold protein), and lipid
(solubilized in 0.5 M sodium cholate) were mixed with ~2/3
volume of Biobeads SM-2 (Bio-Rad) overnight at 4 °C. The molar
ratio of rhodopsin:MSP:lipid was set to 0.1:1:75, and lipid compo-
sition was POPC (1-palmitoyl-2-oleoylphosphatidylcholine) /POPG
(1-palmitoyl-2-oleoylphosphatidylglycerol) at a ratio 3:2. The
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Biobeads were removed by centrifugation. After reconstitution into
nanodiscs, the samples were injected onto a Superdex 200 column
(GE Healthcare) (column volume of 23.55 mL). The nanodisc
fraction was collected that corresponds to a diameter of ~12 nm,"®
which was determined by the Gel Filtration Calibration Kit HMW
(GE Healthcare). The collected sample was concentrated by
Amicon Ultra 0.5 mL Centrifugal Filters (10000 MWCO, Milli-
pore). Nanodisc samples were finally stored in 10 mM Tris,
100 mM NaCl, 0.02% sodium azide, pH 7.4. In order to adjust
pH values, we added 1/10 volume of an acidic solution containing
50 mM MES, 100 mM NaCl, 0.02% sodium azide (set to pH 6.5)
or a basic solution containing 50 mM Tris, 100 mM NaCl, 0.02%
sodium azide (set to pH 8.7) to nanodisc samples. Final pH values
were confirmed. Time-resolved absorbance measurements were
conducted on nanodisc samples at a final rhodopsin concentration
of ~0.25 mg/mL using ~0.06 mg of rhodopsin to obtain results at
each temperature and pH studied. Measurements on rhodopsin in
hypotonically washed membranes were conducted at ~3 times
higher concentration, and significantly more averaging was per-
formed since that material was more easily obtained.

Preparation of LM Suspensions of Rhodopsin. Rhodopsin
was prepared and solubilized using methods described
previously.'” For measurements at pH 6.5, the rhodopsin pellet
obtained after hypotonic washing was resuspended in 5% lauryl
maltoside (LM), 10 mM MES, 100 mM NaCl adjusted to pH 6.5,
and for measurements at pH 8.7, the hypotonically washed
rhodopsin pellet was resuspended in 5% LM, 10 mM Tris,
100 mM NaCl adjusted to pH 8.7. Rhodopsin membranes were
well solubilized by 5% LM so negligible pellets typically form
after moderate centrifugation. Time-resolved absorbance mea-
surements on rhodopsin in 5% LM suspensions were conducted
with rhodopsin concentration ~1 mg/mL.

Time-Resolved Absorbance Measurements. Time-resolved
absorbance changes from 300 to 700 nm (Aphotolyzed(/l) —
Aunphotolyzed(4)) were measured at tem?eratures 15 and 30 °C
using an apparatus described previously.'” Absorbance difference
spectra were collected at a series of delay times after the ~7 ns
excitation pulse of 477 nm light (80 4J/mm?), beginning at 10 us
and ending at either 240 ms (15 °C) or 20.48 ms (30 °C).
Polarization of the linearly polarized probe light was set to 54.7°
(magic angle) relative to the excitation pulse polarization in order
to prevent absorbance changes due to rotational diffusion of
rhodopsin in the hypotonically washed membrane samples from
being recorded.

Data Analysis Using Global Fitting. Sets of time-dependent
absorbance difference spectra (typically 40 averages at each delay
time) were transformed using singular value decomposition
(SVD), AA(A,t) = USV',"® and noise was reduced by represent-
ing the data using only basis spectra in the U matrix which were
associated with singular values above the level associated with
noise. A nonlinear least-squares method was used to determine
the best fit of the data, Aa(4,t), in the following form

Aa(A,t) = bo(A) + bi(A)e /™ 4 by(A)e™/™ + ..

with 2, 3, and 4 exponential terms.'® Global fitting gives the time
constants, T, for the exponential processes and the b-spectra,
b,(1) or difference spectra associated with those time constants,
and by(4), which is the final difference spectrum extrapolated on
the experimental time scale. The number of exponentials that
best fit the data was determined from plots of residuals,
AA(A,t) — Aa(A,t). When the maximum number of exponential
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Figure 1. Temperature and pH dependence of rhodopsin kinetics after
photoexcitation in nanodisc and hypotonically washed, native mem-
branes. Absorption difference spectra were collected at 12 time delays
after photoexcitation at 15 °C (10, 100, 200, 500 us, 1, 2, S dashed, 10,
20, 50, 120, and 240 ms) and at 30 °C (10, 20, 40, 80, 160, 320, 640 us
dashed, 1.28,2.56, 5.12, 10.24, and 20.48 ms). At high temperature with
pH below 7, rhodopsin’s protonated SB absorbance band is bleached
after photoexcitation, forming the deprotonated SB species, Meta IL
Under the other conditions, formation of Meta II after photoexcitation is
not complete, and a metastable, temperature- and pH-dependent equilib-
rium exists between Meta IT and a protonated SB species, Meta 150, which
is responsible for the positive absorbance seen above 450 nm in the lower
right panel. Data were normalized for each preparation using the 10 us
signal. Top: rhodopsin in nanodiscs. Bottom: rhodopsin in hypotonically
washed native membranes.

components has been fit to a data set, within the limits of the
signal-to-noise ratio of that data, the residual plot should be flat
and not significantly improved by an additional exponential term.

B RESULTS

Figure 1 compares time-resolved absorbance data collected
after photoexcitation of rhodopsin in nanodiscs (top) to data
obtained from rhodopsin in hypotonically washed native mem-
branes (bottom) at the extremes of pH studied here. The
absorbance change we observed is larger and signal-to-noise
ratio is better for rhodopsin in hypotonically washed native
membrane because of the higher rhodopsin concentration used
in those samples. This was done to reduce uncertainty about
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Figure 2. Comparison of rhodopsin kinetics in membrane, nanodisc,
and LM suspension at 15 °C. Left panel shows absorption difference
spectra collected after photoexcitation of rhodopsin in hypotonically
washed, native membrane at pH 7.4 using the same delay times as the
difference spectra in the top panels of Figure 1. The right panel shows
data collected from rhodopsin solubilized with 5% LM detergent. In LM
suspension, kinetics after photoexcitation did not change over the range
from pH 6.5 to 8.7. The center panel shows results of photoexcitation of
rhodopsin in 3PC:2PG nanodiscs. The nanodisc data contained more
noise because it was collected using the amount of rhodopsin in the
range available for kinetic study of rhodopsin mutants (~60 ug). To
reduce noise, for nanodiscs the SVD smoothed data were plotted. The
heavy magenta traces were collected at 1 ms delay. LM solubilization of
the membrane bilayer perturbs both the kinetics of formation of Meta II
and its final equilibrium with Meta L;g0. However, the data show the
nanodisc environment to be similar to the native membrane.

native membrane photointermediate behavior for best compar-
ison with rhodopsin nanodiscs. The similarity of nanodisc and
native membrane results shown in Figure 1 is in sharp contrast to
what is observed after photoexcitation of rhodopsin solubilized in
LM detergent as demonstrated by Figure 2, which compares
results for all preparations at pH 7.4, 15 °C.

The data in Figure 2, from photoexcitation of rhodopsin in
both nanodisc and hypotonically washed native membranes at
15 °C, pH 7.4, shows a similar back shift of the final Meta 1,50 ==
Meta II equilibrium which is absent after rhodopsin photoexcita-
tion in the LM solubilized sample. Besides that difference,
photointermediate kinetics appear significantly faster after LM
solubilization as demonstrated by the observation that at 1 ms
almost no SB deprotonation has occurred in either nanodisc or
hypotonically washed native membrane as compared to almost
full SB deprotonation at 1 ms in LM detergent. Another
important difference noted in Figure 2 is that, unlike the behavior
shown in Figure 1, rhodopsin in LM suspension has no pH
dependence of its kinetics at 15 °C over the range studied here.

Figure 3 shows that for all the preparations at 30 °C, pH 7.4
the equilibrium between the protonated SB, Meta 1,5, photo-
intermediate, and the deprotonated SB, Meta II photointermedi-
ate is largely forward shifted, but although the final state is the
essentially the same for all three rhodopsin environments, the
kinetics of rhodopsin photointermediates at 30 °C in LM
suspension, as shown in the lower panel of Figure 3, continue
to differ significantly from those observed in hypotonically
washed native membrane and nanodiscs, which are very similar
to each other. As was the case at 15 °C, there is no pH
dependence to the LM results at 30 °C. Results for pure POPG
nanodiscs at pH 7.4 (data not shown) were very similar to the
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Figure 3. Comparison of rhodopsin kinetics in membrane, nanodisc,
and LM suspension at 30 °C. Top left panel shows absorption difference
spectra collected after photoexcitation of rhodopsin in hypotonically
washed, native membrane at pH 7.4 using the same delay times as the
difference spectra in the lower panels of Figure 1. The right panel shows
data collected at 30 °C from rhodopsin solubilized with 5% LM
detergent. At this temperature also, LM solubilized rhodopsin kinetics
were pH independent. The center panel shows results of photoexcita-
tion of rhodopsin in 3PC:2PG nanodiscs. Here the absorbance change
observed after photoexcitation of rhodopsin in nanodiscs was large
enough that noise did not cause excessive overlap of the data so the data
before SVD noise reduction are shown. The heavy cyan traces were
collected at 80 us delay. Although Meta 1,5, is essentially absent from the
final equilibrium for all preparations at this temperature, the kinetics of
Schiff base deprotonation remain significantly affected by LM solubiliza-
tion. That is clearly demonstrated by the lower plot that shows kinetics
of SB deprotonation at 504 nm. That data shows the time-dependent
absorbance changes after photoexcitation of rhodopsin in nanodisc (A)
to be very similar to those observed in native membrane (¥) and quite
different from what is seen for LM solubilized rhodopsin (O).

behavior of the 3POPC:2POPG nanodiscs shown in Figures 2
and 3, with the only significant difference being a very slight
increase in the 380 nm absorber component in the final
equilibrium mixture at 15 °C.

As can be seen directly in the data, time-resolved absorbance
changes for rhodopsin in nanodiscs are essentially similar to
those for rhodopsin in its native membrane near physiological
temperatures, displaying normal pH and temperature depend-
ences which are quite different from LM detergent suspensions.
The results of global fitting the rhodopsin nanodisc data with two
exponentials, shown in Figure 4, generally agree with the results
obtained when data from rhodopsin in its native membrane are
similarly fit, shown in Figure S. For all the conditions where
rhodopsin nanodisc samples were studied here, at least two
exponential components were required to fit the data. A third
exponential component improved the fit slightly under some
conditions, which supports the idea that more of the processes
which are known to take place at 20 °C for rhodopsin in
hypotonically washed native membranes can be resolved under
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Figure 4. The b-spectra obtained from fit of rhodopsin nanodisc data to
two exponential components. Absorbance difference spectra collected
after photoexcitation of rhodopsin nanodiscs were fit to the sum of two
time decaying exponential functions and a time-independent spectral
term. Difference spectra coefficients of the time-dependent terms
(b-spectra) under each set of conditions studied are plotted, identified
by their exponential time constants (base ). Heavy lines show the time-
independent b-spectra (by).

at least some of the conditions studied here in nanodiscs, but at
the relatively low signal-to-noise ratio obtained here for rhodopsin
in nanodiscs inclusion of a third component did not greatly
improve the fit, i.e.,, result in substantially flatter residual plots.
Hence, for simplicity of comparison only the results of the two
exponential fits are presented here. Similarly, more than two
exponentials could be fit to the data from rhodopsin in hypoto-
nically washed native membranes for some of the conditions
studied here, but even the higher signal-to-noise ratio obtained
from the larger amounts of rhodopsin used there did not in most
data sets allow resolution of all the rhodopsin processes that have
been previously characterized after photoexcitation at 20 °C. This
is not unreasonable given that several of the known processes
for rhodopsin in membrane are equilibria whose temperature-
dependent amplitude can reduce their relative contribution
making them difficult to detect under all conditions. Specifically,
at 20 °C, pH 7, beginning at 1 us, the processes are'”*

Rho+hv ... Lumi I «—= Lumill «—= Meta Iy
13 us 150 ps
1 600 s

I.2msl

Meta I450 <= Metall
20 ms

The Lumi I == Lumi II equilibrium is forward shifted at low
temperatures,”’ which increases its contribution at 15 °C but
becomes back-shifted at 30 °C, which makes it more difficult to
detect at high temperature. The Lumi IT == Meta I35 equilibrium
has the opposite temperature dependence'® and yields comple-
mentary behavior; i.e., the Lumi II == Meta I350 process is easier
to detect at 30 °C than at 15 °C. Thus, the opposite temperature
dependence of these two equilibria make it difficult to resolve the
individual processes under all conditions. Similarly, the final
Meta I450 == Meta II equilibrium is known to be strongly back-
shifted at high pH>"** which reduces the slow process amplitude,
making even two exponentials difficult to detect under some
conditions, as can be seen to be the case at 15 °C and pH 8.7.

22 ms
Bk
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Figure S. The b-spectra obtained from fit of data from rhodopsin in
hypotonically washed native membranes to two exponential compo-
nents. For comparison with rhodopsin nanodisc results, absorbance
difference spectra obtained after photoexcitation of hypotonically
washed rhodopsin membranes were fit to the sum of two time decaying
exponential functions and a time-independent spectral term. Under
some of the conditions above, data could be fit to more than two
exponential terms, resolving details of the faster process as have been
previously described. However, for comparison with the nanodisc data
which was collected with much smaller amounts of rhodopsin, only two
exponentials are presented above. Labeling is as in Figure 4.

Again for ease of comparison and to simplify discussion here, for
data from rhodopsin in hypotonically washed native membrane
only the two exponential fits are shown. Given that the time
constant for the final Meta I;30 = Meta II equilibrium is so much
slower than all the other processes, the shorter lifetime b-spec-
trum tends to be the sum of the three unresolved fast processes,
dominated by the Lumi II == Meta I35 process at 30 °C and
having a more mixed composition at 15 °C.

l DISCUSSION

Although the time-resolved absorbance data for rhodopsin in
nanodiscs and for rhodopsin in hypotonically washed native
membranes, shown in Figures 1—3, look very similar under
comparable conditions, detailed kinetic analysis using SVD and
global fitting reveals small differences. That is not surprising
given the difference in phospholipid composition between the
3POPC:2POPG nanodiscs and rhodopsin’s native membrane.
However, it is important to note that in spite of these differences
all the characteristic features of rhodopsin’s late photointermedi-
ates on the millisecond time scale, relevant to G protein activa-
tion, are seen in the 3POPC:2POPG nanodiscs studied here,
which is in sharp contrast to the behavior of rhodopsin in LM
suspensions, where kinetic perturbations begin within microse-
conds after photoexcitation and eliminate the final pH-depen-
dent equilibrium of the activating species.

At 30 °C in hypotonically washed native membranes, neither
the lifetime nor the b-spectrum associated with the fast process
observed after rhodopsin photoexcitation shows significant pH
dependence, which is as would be expected if the fast terms,
previously reported at pH 6—8 for similar preparations at
20 °C,*" were combined into the single fast process reported
here. Consistent with the previous discussion of the temperature-
dependent composition of the fast component, the shape of the
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fast process at 30 °C suggests that it is dominated by the Lumi
II == Meta I35 reaction, consistent with the amplitude of this
reaction’s contribution increasing as the equilibrium constant
forward shifts at higher temperatures. In contrast to the pH
independence of the fast process, the amplitude of the slow
process gets larger at lower pH, a property long reported for the
Meta I,50 == Meta Il reaction”® whose approach to equilibrium we
assign to this absorbance change. Although at 30 °C the Meta
Ligo == Meta Il equilibrium is at least somewhat forward shifted for
all pHs studied here, it only becomes fully forward shifted at pH
6.5, as can be seen by comparing the observed by(4). The lifetime
of the slow process decreases somewhat at the lower pHs, which
supports the idea that in membrane the proton uptake by the first
form of Meta II, MIL, to form the second form, MIIL,** is fast
compared to initial formation of MII, from Meta I4g,.

At 15 °C in hypotonically washed native membranes, after
rhodopsin photoexcitation there is somewhat more pH depen-
dence of the fast process lifetime and b-spectrum (dashed curves in
lower panel of Figure S), but the shape suggests the primary
contribution at all pHs is the Lumi IT — Meta L5, reaction. Since
no pH dependence has been previously reported for this reaction
at 20 °C*! and the pH dependence of the preceding Lumi I ==
Lumi IT reaction has not been explored,” the exact origin of the
small changes in the fast component here is not clear. However,
the slow process seen at 15 °C in hypotonically washed native
membrane is clearly the Meta 1,50 == Meta II reaction with lower
temperature shifting the apparent pK, of the reaction to lower pH
(as disclosed in the trend in bo(4)), probably by back-shifting the
Meta Ig0 == MII, equilibrium. Also, differing from results at 30 °C,
the slow process lifetime increases at the lowest pH, which might
indicate that proton uptake by the MII, + H* == MII, reaction
becomes slower at 15 °C than formation of MII, from Meta ;5.

Examination of the two exponential fits of the data obtained
from rhodopsin in nanodiscs suggests the same processes are
taking place as are discussed above for rhodopsin in hypotoni-
cally washed native membranes. The strongest similarity at both
15 and 30 °C is the behavior of the final Meta ;39 <= Meta II
equilibrium, as can be seen by comparing the behavior of by(4) in
the two preparations. The only differences detected here show up
as small changes in the time-dependent processes. At 30 °C, the
primary difference seen in the time-dependent b-spectra are that
the relative amplitude of the fast component at all pHs is greater
in nanodisc than in native membrane, which suggests that at
30 °C in nanodisc slightly more Meta II is formed via the upper
Meta I3g0 branch than through the lower Meta I;5, path as
compared to what occurs in native membrane. This could arise
from a forward shift of the Lumi II == Meta I35 equilibrium in
these nanodiscs relative to native membrane. That would not be
surprising since the Lumi II == Meta I35 equilibrium is known to
be sensitive to the membrane environment of rhodopsin, e.g,
forward shifting in LM detergent, and the palmitoyl/oleoyl
chains used in the nanodiscs here differ from those found in
the native membrane. Similarly at 15 °C the shape of the fast
b-spectrum at pH 6.5 and 7.4 suggests slightly more formation of
Meta I3z, contributes to the fast b-spectrum. This hypothesis is
supported by the pH 8.7 nanodisc data where a negligible slow
component was detected at 15 °C. Fitting suggests this result is
caused by enough 380 nm absorber being formed through the
upper Meta I35 process in the fast process that no net 380 nm
absorber formation occurs with a longer lifetime; i.e., the final
Meta 1,30 == Meta II absorbance profile is essentially preformed
by the fast process. Other than this small shift in the Lumi

I == Meta I339 equilibrium, rhodopsin in nanodiscs has the same
properties as found in native membrane.

Bicelles are an alternative to nanodiscs for improving sample
optical properties and protein stability.”> However, so far that
system shows particular applicability to protein crystallization
and has not been optimized for study of rhodopsin photointer-
mediates. The related CHAPS/PC matrix has proven useful in
stabilizing cone visual pigments and has been extensively applied
to low-temperature study of rhodopsin and cone pigment
photointermediates®®>” but has not as yet been demonstrated
to adequately simulate the native membrane in studies at
physiological temperatures. Presumably the more variable stoi-
chiometry of the bilayer rim stabilizing element of bicelles as
compared to nanodiscs could result in a more heterogeneous
protein environment which could be a source of kinetic hetero-
geneity, but this remains to be characterized by experiments.

The data collected here suggest that the nanodisc environ-
ment is suitable for optical studies of late rhodopsin photointer-
mediates in rhodopsin mutants and should prove useful in
expanding our understanding of rhodopsin behavior in native
conditions. In general, the kinetic perturbation of the late
rhodopsin photointermediates seen after photoexcitation of
rhodopsin in detergents is absent in the nanodisc environment.
Those perturbations otherwise make it difficult to interpret the
effects of rhodopsin mutation on the late photointermediates,
whose structures are most important for GPCR activation. In
particular, SB protonation changes and proton uptake by non-SB
groups takes place on the time scale where detergent perturba-
tions occur, and those processes, clearly important for GPCR
activation, appear normal in our nanodiscs. Besides demonstrat-
ing that nanodiscs eliminate the kinetic perturbation of deter-
gents, the work reported here further demonstrates that optical
characterization is possible using the amounts of pigment that
have been used previously to characterize rhodopsin mutant
photointermediate kinetics in detergent suspension.
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