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Article
Styrene-maleic acid copolymer effects on the
function of the GPCR rhodopsin in lipid
nanoparticles
Istvan Szundi,1 Stephanie G. Pitch,1 Eefei Chen,1 David L. Farrens,2 and David S. Kliger1,*
1Department of Chemistry and Biochemistry, University of California, Santa Cruz, Santa Cruz, California and 2Department of Chemical
Physiology and Biochemistry, Oregon Health and Science University, Portland, Oregon
ABSTRACT Styrene-maleic acid (SMA) copolymers solubilize biological membranes to form lipid nanoparticles (SMALPs) that
contain membrane proteins surrounded by native lipids, thus enabling the use of a variety of biophysical techniques for structural
and functional studies. The question of whether SMALPs provide a truly natural environment or SMA solubilization affects the
functional properties of membrane proteins, however, remains open. We address this question by comparing the photoactivation
kinetics of rhodopsin, a G-protein-coupled receptor in the disk membranes of rod cells, in native membrane and SMALPs pre-
pared at different molar ratios between SMA(3:1) and rhodopsin. Time-resolved absorption spectroscopy combined with com-
plex kinetic analysis reveals kinetic and mechanistic differences between the native membrane and SMA-stabilized
environment. The results suggest a range of molar ratios for nanoparticles suitable for kinetic studies.
SIGNIFICANCE Styrene-maleic acid (SMA) copolymers solubilize biological membranes to form nanoparticles with
membrane proteins surrounded by native lipids. These have proven useful for structural studies of membrane proteins, but
whether they provide an environment that does not affect their functional properties remains an open question. We show
that solubilization of the membrane protein rhodopsin with relatively low SMA/rhodopsin molar ratios produces
nanoparticles suitable for photokinetic studies. In such samples, we observe well-defined rhodopsin photoactivation
intermediates. In contrast, using high SMA/protein molar ratios yields extremely slow photokinetics, the path becomes
disrupted, and the active state is not reached. These results suggest that studies using proteins solubilized at high SMA
concentrations should proceed with caution.
INTRODUCTION

Most membrane-bound proteins require a lipid membrane
environment for function and lose their activity upon solubi-
lization by detergents. Structural studies are difficult to
conduct on membranes, especially in the presence of other
proteins. Kinetic studies using optical techniques also face
great difficulties because of enhanced light scattering in
membrane suspensions. It is crucial to find solubilizing
agents that do not alter the protein activation mechanism
to circumvent these challenges.

Amphipathic copolymers such as styrene-maleic acid
(SMA) have emerged as an important tool to solubilize
membrane proteins for structural and functional studies.
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The addition of SMA to biological membranes results in
the spontaneous formation of discoidal lipid nanoparticles
(SMALPs) that contain active protein (1–3). Recently, we
used SMA(3:1) to solubilize the G-protein-coupled receptor
(GPCR) rhodopsin from its native membrane environment
and compared the functionality of the solubilized protein
to that observed in its native membrane (4).

In vertebrate rod cells, the photoreceptor rhodopsin initi-
ates phototransduction. Rhodopsin consists of the apopro-
tein opsin and the chromophore ligand, 11-cis-retinal,
covalently bound to lysine 296 through a protonated Schiff
base linkage (5,6). Upon absorption of light, rhodopsin goes
through a series of intermediates that first involve structural
changes local to the chromophore but eventually result in
global conformational changes that enable the binding of
opsin to the G-protein transducin (7,8). The subsequent acti-
vation of transducin starts an enzyme cascade, which causes
blockage of sodium channels in the rod cells, leading to a
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change in electrical current through the cells and thus detec-
tion of the light.

A great deal of information has been gathered over the
years about the mechanism through which rhodopsin rea-
ches its active state. Much of the understanding has been ob-
tained on bovine rhodopsin with the use of time-resolved
optical absorption (TROA), infrared and laser Raman spec-
troscopies (9–12). Recent TROA studies have shown that
the activation mechanism follows a square scheme (13) or
a double-square scheme, depending on temperature and
pH conditions (14).

In our earlier, complementary work (4), we determined
the efficiency of rhodopsin membrane solubilization by
SMA as a function of SMA/rhodopsin ratio and found that
above the ratio of �20, practically complete solubilization
is achieved, whereas below that only a fraction of the mem-
branes is solubilized. A threshold SMA/lipid mass ratio of
1.2–1.3 has also been reported for complete solubilization
of lipid vesicles by SMA(2:1) (15). Based on the size of di-
myristoylphosphatidylcholine (DMPC) SMALPs (16), we
estimated an SMA/rhodopsin ratio of around 10 in
rhodopsin-containing SMALPs of the same size. This esti-
mate gives an SMA/membrane mass ratio in the nanopar-
ticles only slightly lower than the one mentioned above
for lipid solubilization. Thus, SMA applied in solubilization
above such minimal threshold value can be considered an
excess and may or may not be desirable. We also monitored
the formation of the photoinduced final state of rhodopsin in
SMALPs. The results showed that the relative amount of
SMA used in solubilization could dramatically impact rho-
dopsin’s photoresponse. During static photobleaching ex-
periments at room temperature, particles formed at and
below the SMA/rhodopsin ratio of 10 showed the known
active-state intermediates, whereas rhodopsin solubilized
in excess SMA, above the threshold ratio, did not. Thus,
rhodopsin kinetics in SMA-stabilized nanoparticles may
deviate from the kinetics observed in the native membrane.
This idea prompted our study, in which we investigate the
activation mechanism of rhodopsin in an SMA-stabilized
environment using TROA spectroscopy.

The general aim of our work here is to test whether mem-
brane-bound proteins solubilized into nanoparticles by
SMA preserve the dynamic and kinetic properties they
possess in their native membranes. Rhodopsin is uniquely
suited for this test because its photokinetics has been stud-
ied extensively in native and artificial environments (17,18).
In this comparative study, rhodopsin photokinetics is
measured and evaluated in both membranes and SMALPs
prepared at different SMA/rhodopsin ratios. The focus is
on key reaction steps that follow the formation of the
Lumi intermediate and lead to the active-state Meta II,
which span the microsecond to second time interval,
because these steps are known to be more sensitive to
the protein environment than the steps leading to Lumi
formation (19).
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The results show that rhodopsin in SMALPs formed at
relatively low ratios of SMA/rhodopsin follows a reaction
mechanism that leads to the active state, whereas the mech-
anism in SMALPs made at high SMA/rhodopsin ratios is
compromised, and thus, the active-state composition is not
reached.
MATERIALS AND METHODS

Preparation of native membrane suspensions

Bovine rhodopsin in disk membrane was isolated from hypotonically

washed rod outer segment (ROS) suspensions as reported previously (20)

and resuspended in 10 mM Tris, 100 mM NaCl buffer (pH 8 at 30�C).
The concentration of rhodopsin was determined spectrophotometrically

(V750; JASCO, Easton, MD) by measuring the change in absorbance at

500 nm (ε ¼ 40,600 M�1 cm�1) before and after irradiation in the presence

of 3% lauramine oxide. The samples used to study rhodopsin in membrane

were �25 mM and before use were mildly sonicated in an ice water bath

under nitrogen using a Microson sonicator (Heat Systems Ultrasonics,

Farmingdale, NY) at medium power output for three 30 s on-off cycles.
Preparation of SMA stock solution

SMA(3:1) copolymers, with three styrene units per one maleic acid unit,

have aweight average molecular weight of 10 kg/mol (Polyscope Polymers

B.V., Geleen, the Netherlands). The polymer was precipitated by the addi-

tion of 6 M HCl, rinsed with distilled water, and collected by filtration. The

SMA stock solution (5% w/v) was made by dissolving SMA powder in Tris

buffer, adjusted to pH 8, and stored at �20�C.
Solubilization of rhodopsin using SMA

Different volumes of the 5% (w/v) SMA stock solution were added directly

to suspensions of native membrane that contained �50 mM rhodopsin to

provide SMA/rhodopsin molar ratios of 5, 10, 20, and 100. Samples were

centrifuged for 20 min at 10,000� g, and the soluble fraction that contained

rhodopsin-SMALPs was collected. Given the specific rhodopsin/lipid ratio

in the ROS membrane, the SMA/rhodopsin molar ratio is approximately

equal to 10 times the SMA/membrane mass ratios.
Time-resolved optical absorbance measurements

Activation kinetics of rhodopsin in native membrane and SMALPs (each

�1 mg/mL rhodopsin) were investigated using TROA spectroscopy. The re-

actionwas initiated by an�7 ns pulse of 477 nm light (80mJ/mm2) generated

by a dye laser pumped by the third harmonic of a neodymium-doped yttrium

aluminumgarnet (Nd:YAG) laser. After the laser excitation, post-minus pre-

photolysis difference spectra were recorded in the 330–630 nm wavelength

range at selected delay times spaced on a logarithmic timescale using an

apparatus described previously (21,22). Briefly, this system used an optical

multichannel analyzer to obtain the absorption spectra of intermediates

formed by laser photolysis. A pulse of white light from a flash lamp was

used to probe the absorbance changes. The incident light was focused onto

the sample, and the transmitted light was refocused onto the slit of a spectro-

graph that disperses the light across the channels of a gated charge-coupled

device. A digital delay generator synchronized the gate pulses applied to the

laser, flash lamp, and optical multichannel analyzer detector.

To enable minimal use of sample per photoflash, an insert was placed into

a 4 mm � 4 mm cuvette (Starna Cells, Atascadero, CA), constructed to

form a 2 mL sample chamber at the bottom, with a height of 1 mm and

an actinic pathlength of 0.5 mm, contained between the cuvette walls
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(23). A l/2 cc glass syringe driven by a linear stepper motor was used to

pump fresh sample after each measurement. 4 mL of fresh sample was deliv-

ered to the sample chamber after each photolysis pulse, and a channel on the

insert allows for photolyzed material to leave and collect outside of the sam-

ple path in the cuvette. For efficient solubilization, the solution pH was set

to 8, and because alkaline pH favors the forms with protonated Schiff base

and higher temperature favors the forms with unprotonated Schiff base in

rhodopsin kinetics (24), the experiments were carried out at 30�C to achieve

a balance between the two forms.
Global exponential fitting

Assuming first-order kinetics, the time dependence of the post- minus pre-

photolysis absorption difference spectra enclosed in the data matrix,A(l, t),

was fitted to a sum of time-dependent exponential functions: A(l, t) ¼ S bi
(l) � exp(�ri � t) þ D, where l and t denote wavelength and time, respec-

tively. The exponents ri are the apparent rates; bi (l) are the amplitude

spectra, called b-spectra; and D is the matrix of the residuals of the fit.

Fitting the entire data matrix is technically challenging and can be avoided

by separating the spectral and the temporal information in the data matrix

using singular value decomposition: A ¼ U � S � VT. Matrix U contains

the orthonormal spectral vectors, V is the matrix of orthonormal temporal

vectors, and matrix S is the measure of the U and V vector pair contribu-

tions to the data matrix. Only a limited number of time-dependent vectors,

the significant V, were globally fitted to sums of exponentials yielding the

apparent rates ri. The b-spectra were calculated by combining the results of

the exponential fit with the significant U spectral vectors (25).
Spectral composition of sequential intermediates
and time evolution of spectral forms

The experimental spectra in the data matrix are linear combinations of a

limited number of spectral forms. The term ‘‘spectral form’’ refers to a

model absorption spectrum characteristic of the state of the chromophore,

such as unprotonated chromophore with lmax ¼ 380 nm, called the unpro-

tonated form, or protonated chromophore with lmax R 420 nm, called the

protonated form. These model spectra may represent a single intermediate

or multiple, physically different isospectral intermediate states evolving in

separate time intervals in the underlying reaction sequence. Because the

spectral forms are not attached to intermediates in any specific kinetic

mechanism, their time evolution can be assessed without knowing the reac-

tion mechanism itself. The spectral forms that constitute the experimental

spectra in the data matrix are more easily deduced from the spectra of

the straight sequential intermediates than from the b-spectra. Thus, the

b-spectra arranged in the B(l, n) matrix were converted into the spectra

of the sequential intermediates enclosed in the In(l, n) matrix: In(l, n) ¼
B(l, n)�W(n, n)�1.W(n, n) is the eigenvector matrix of the kinetic matrix

constructed for the straight sequential scheme in which the apparent rates,

ri, are assigned to the reaction rates between the intermediates. The interme-

diate spectra are interpreted as sums of the spectral forms: In(l, n) ¼
E(l, m) � Q(m, n), where E(l, m) is the matrix of the m spectral forms

and Q(m,n) is the composition matrix of the n sequential intermediates.

Note the number of sequential intermediates may be different from the

number of spectral forms.

To obtain the time evolution of the spectral forms contained in the spectra

of the straight sequential intermediates, first, the matrix of the time-depen-

dent concentrations of the n sequential intermediates, Cin(n, t), was calcu-

lated using the kinetic matrix constructed for the straight sequential

scheme. The product ofCin(n, t) and the composition matrix,Q(m, n), gives

the time evolution of the m spectral forms: Cm(n, t) ¼ Q(m,n) � Cin(n,t).

The Lumi, Meta480, Meta460, and Meta380 spectral forms used in the

decomposition were obtained the following way. The Lumi spectral form

is the experimental spectrum of the first sequential intermediate. The first

sequential intermediate is not a single state, but an equilibrated mixture
of the Lumi I and Lumi II states produced by an early microsecond transi-

tion not discussed in this work. The Meta480 and Meta380 and rhodopsin

spectral forms were taken from static spectral records reported in our pre-

vious study (4), and the Meta460 spectral form is a blue-shifted variant of the

Meta480 spectral form. The Meta480, Meta380, and Meta460 spectra were

referenced against the rhodopsin spectrum and were scaled to yield the

sum of all contributions, expressed as fraction numbers, equal to one for

each intermediate of the straight sequential scheme.
Microscopic rates of kinetic models

For kinetic models more complex than the straight sequential scheme, the

apparent rates from the global exponential fit cannot be assigned to micro-

scopic rates in the model, and the spectra of the intermediates cannot be

calculated from the experimental b-spectra directly. To validate a proposed

complex kinetic model, we assume that the spectra of the spectral forms,

E(l, m), derived from the spectra of the sequential intermediates, represent

the spectra of one or more intermediates of the complex model and thus can

be used as intermediate model spectra for the complex scheme with l inter-

mediate, E(l, l). The microscopic rate constants of the reaction steps in the

complex model are obtained by a fitting procedure designed to reproduce

the experimental apparent rates by the eigenvalues and the experimental

b-spectra by the product of the intermediate model spectra and the eigen-

vector matrix of the kinetic matrix for the proposed complex model:

B(l, n) ¼ In(l, n) � W(l, n). Models with l > n are considered degenerate

and have multiple solutions (14).
RESULTS

Rhodopsin in native membrane

The time-resolved absorption difference spectra recorded
for rhodopsin in its native membrane (rM) in the
330–630 nm wavelength range over a 1 ms–50 ms time win-
dow are shown in Fig. 1 a. Global exponential fit of the data
matrix yielded 70 ms and 0.74 and 6.5 ms apparent lifetimes
(ti¼ 1/ri), and the b-spectra corresponding to these lifetimes
are shown in Fig. 1 b. The b-spectra in Fig. 1 b were con-
verted into intermediate spectra of an unbranched, straight
sequential scheme constructed using the apparent rates
listed above. The intermediate spectra were decomposed
into sums of spectral forms, as discussed above. For easier
visualization of the experimental (Fig. 1 c, solid lines) and
the reproduced sequential intermediate spectra (Fig. 1 c,
dashed lines), the difference spectra were converted into ab-
solute spectra by adding back the spectrum of the bleached
rhodopsin, the scaled rhodopsin spectrum used as the refer-
ence spectrum for the spectral forms. The compositions of
the sequential intermediate spectra expressed as fraction
values of the different spectral forms present in the interme-
diates are listed in Table 1.

The classical sequential model of rhodopsin photoconver-
sion, deduced from low-temperature experiments and used in
many reports, considers only three sequential intermediates
in the time interval covered in this study: Lumi, Meta I, and
Meta II. We found four sequential intermediates, in agree-
ment with an earlier study (13). Furthermore, the second
and third sequential intermediate spectra display two well-
separated absorption bands in Fig. 1 c, which can only be
Biophysical Journal 120, 4337–4348, October 19, 2021 4339



FIGURE 1 (a) Light-induced absorption difference spectra of rhodopsin

in membrane recorded at time delays from 1 ms to 50 ms. Arrows indicate

the direction of change as time progresses. (b) The b-spectra corresponding

to lifetimes 70 ms (bs1), 0.74 ms (bs2), and 6.5 ms (bs3) and the time-inde-

pendent final spectrum (bs0) produced by global exponential fit to the time-

dependent absorption spectra. (c) Solid lines: intermediate spectra of the

sequential scheme calculated from the b-spectra. The scheme was con-

structed based on the lifetimes. Dashed lines: reproduction of the interme-

diate spectra by the model spectra using the spectral compositions obtained

for the intermediates.

TABLE 1 Fractional composition of sequential intermediates

for membrane and nanoparticle samples

Lumi Meta480 Meta380 Meta460

rM

In 1 1.00 – – –

In 2 0.71 0.05 0.24 –

In 3 – 0.45 0.55 –

In 4 – 0.34 0.66 –

rN10

In1 1.00 – – –

In 2 0.92 – 0.08 –

In 3 0.10 0.82 0.08 –

In 4 0.10 0.65 0.25 –

In 5 – 0.35 0.65 –

rN20

In 1 1.00 – – –

In 2 0.90 0.07 0.03 –

In 3 0.33 0.65 0.02 –

In 4 0.08 0.65 0.12 0.15

In 5 – 0.10 0.30 0.60

rN100

In 1 1.00 – – –

In 2 0.45 0.55 – –

In 3 0.23 0.30 0.15 0.32

rM, membrane; rN, nanoparticle.

Szundi et al.
reconciled with the simultaneous presence of two molecular
states in these intermediates. These clearly demonstrate that,
despite its popularity, the classical sequential model is not a
valid representation of kinetics at ambient temperatures.
Rhodopsin in SMALPs: SMA/rhodopsin molar
ratio of 10

The time-resolved absorption difference spectra were re-
corded at delay times from 1 ms to 2 s for the nanoparticle
4340 Biophysical Journal 120, 4337–4348, October 19, 2021
samples made with an SMA/rhodopsin molar ratio of 10
(rN10). These are shown in Fig. 2 a. Global exponential
fitting resolved 85 ms, 2.5 ms, 69 ms, and 0.73 s apparent
lifetimes and the b-spectra are displayed in Fig. 2 b. Fitting
only three apparent lifetimes, which was sufficient for the
membrane sample, produced unacceptable residuals with
spectral structures above the noise level. The long lifetimes
suggest that rhodopsin kinetics in the rN10 nanoparticle is
much slower than in the membrane. The sequential interme-
diate spectra calculated from the b-spectra and the spectra
reproduced by the spectral forms according to the composi-
tion matrix in Table 1 are displayed in Fig. 2 c (solid lines,
calculated spectra, and dashed lines, composition matrix
spectra).

Although the membrane and the rN10 nanoparticle sam-
ple display very different apparent rates, the compositions of
their last intermediate spectra are surprisingly similar, as
both final states contain the Meta480 and Meta380 forms in
a roughly 1:2 ratio. This final composition, characteristic
of the equilibrium between Meta I480 and the active-state
Meta II at 30�C (13), however, must have been reached in
the rN10 nanoparticle differently from the membrane
because the number of apparent rates in the rN10 nanopar-
ticle is one more than in the membrane.
Rhodopsin in SMALPs: SMA/rhodopsin molar
ratios of 20 and 100

The time-resolved absorption difference spectra for the
nanoparticle samples prepared at SMA/rhodopsin molar ra-
tio of 20 (rN20) were recorded at delay times from 10 ms to
20 s and are shown in Fig. 3 a. Global exponential fitting



FIGURE 2 (a) Light-induced absorption difference spectra of rhodopsin

in the rN10 sample recorded at time delays from 1 ms to 2 s. Arrows indicate

the direction of change as time progresses. (b) The b-spectra corresponding

to lifetimes 85 ms (bs1), 2.5 ms (bs2), 69 ms (bs3), and 0.73 s (bs4) and the

time-independent final spectrum (bs0) produced by global exponential fit to

the time-dependent absorption spectra. (c) Solid lines: intermediate spectra

of the sequential scheme calculated from the b-spectra. The scheme was

constructed based on the lifetimes defined above. Dashed lines: reproduc-

tion of the intermediate spectra by the model spectra using the spectral com-

positions obtained for the intermediates.

FIGURE 3 (a) Light-induced absorption difference spectra of rhodopsin

in the rN20 sample recorded at time delays from 10 ms to 20 s. Arrows indi-

cate the direction of change as time progresses. (b) The b-spectra corre-

sponding to lifetimes 0.26 ms (bs1), 12 ms (bs2), 0.78 s (bs3), and 6.4 s

(bs4) and the time-independent final spectrum (bs0) produced by global

exponential fit to the time-dependent absorption spectra. (c) Solid lines: in-

termediate spectra of the sequential scheme calculated from the b-spectra.

The scheme was constructed based on the lifetimes. Dashed lines: repro-

duction of the intermediate spectra by the model spectra using the spectral

compositions obtained for the intermediates.

SMA affects rhodopsin function kinetics
revealed four lifetimes: 0.26 ms, 12 ms, 0.78 s, and 6.4 s.
The corresponding b-spectra are shown in Fig. 3 b, and
the sequential intermediate spectra calculated from them
are in Fig. 3 c, solid lines, together with the spectra repro-
duced by the spectral forms according to the composition
matrix, dashed lines. The b-spectra and the absolute spectra
of the sequential intermediates, and particularly the compo-
sition matrix in Table 1, indicate that only very limited
amounts of the unprotonated intermediates, absorbing at
380 nm, are produced during Lumi decay.
The final stage detected is also different from that of the
membrane and the rN10 samples because no combination of
Meta480 and Meta380 spectral forms could reproduce the last
intermediate spectrum; it required an additional form having
lmax at 460 nm, Meta460. This blue-shifted protonated
form is a characteristic component of the spectral forms de-
tected on the seconds-to-minutes timescale during the
deactivation of rhodopsin (26). The tendency to deviate
from the kinetic path followed by rhodopsin in the native
membrane, as observed in the rN20 sample, is even stronger
in the rN100 nanoparticle. The time-resolved absorption
Biophysical Journal 120, 4337–4348, October 19, 2021 4341
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difference spectra recorded in the 10 ms–10 s time interval
are shown in Fig. 4 a. Regardless of the lower accuracy of
the data, as compared to the other samples presented, it is
quite obvious that significant spectral changes occur only
at very late times. Two exponentials with 56 ms and 3.2 s
lifetimes were fitted to the data. The faster (56 ms) b-spec-
trum in Fig. 4 b looks like a Lumi minus Meta480 spectral
change, and only the slower b-spectrum (3.2 s) shows the
conversion of protonated forms into unprotonated ones.
The absolute spectra in Fig. 4 c and the composition matrix
FIGURE 4 (a) Light-induced absorption difference spectra of rhodopsin

in the rN100 sample recorded at time delays from 10 ms to 10 s. Arrows

indicate the direction of change as time progresses. (b) The b-spectra cor-

responding to lifetimes 56 ms (bs1) and 3.2 s (bs2) and the time-independent

final spectrum (bs0) produced by global exponential fit to the time-depen-

dent absorption spectra. (c) Solid lines: intermediate spectra of the sequen-

tial scheme calculated from the b-spectra. The scheme was constructed

based on the lifetimes. Dashed lines: reproduction of the intermediate

spectra by the model spectra using the spectral compositions obtained for

the intermediates.

4342 Biophysical Journal 120, 4337–4348, October 19, 2021
in Table 1 show that the 380 nm absorbing form appears
together with the 460 nm absorbing form. The latter is
known to be part of the deactivation process, as already
mentioned for the rN20 sample.

Because 380 nm absorbing forms are present past the
active state (26), it is difficult to state what portion of the
Meta380 spectral component in the final sequential interme-
diate belongs to the true Meta II intermediate of the active
state. This reasoning also applies to the final state observed
in the rN20 sample. The Meta380 spectral form has a bigger
share in the final spectrum of the rN20 sample, making it
more probable that the true Meta II intermediate of the
active state is present. Fluorescence measurements reported
in our earlier work (4) showed that the retinylidene Schiff
base linkage is intact in the late forms.

The data for rN20 and rN100 nanoparticles presented
above show very distorted rhodopsin photokinetics that do
not lead to the active state. We tested whether removal of
the excess SMA from the SMALPs formed could restore
the rhodopsin photokinetics and whether the active-state
composition seen in SMALPs prepared at low SMA/
rhodopsin ratios could be reached. We carried out buffer ex-
change on the rN100 sample and replaced the SMA solution
with an SMA-free buffer. A comparison of the photolysis
products before and after excess SMA removal showed no
spectral difference, the active state was not restored. This in-
dicates that when SMA is used in excess of the minimal
amount required for solubilization, it binds to the membrane
in a way that causes further structural changes in the nano-
particles formed, thus changing the rhodopsin environment,
and these changes are not reversible.
Time evolution of spectral forms in native
membrane and nanoparticles

The time evolution of spectral forms gives a better picture of
the kinetics than the composition of the sequential interme-
diates can provide. It is calculated as the product of the
composition matrix and the matrix of the time-dependent
concentrations of the sequential intermediates, as discussed
above. Fig. 5 shows the time courses of the Lumi, Meta480,
Meta380, and Meta460 spectral forms for the membrane
(Fig. 5 a, solid lines), rN10 (Fig. 5 a, dashed lines and itali-
cized labels), rN20 (Fig. 5 b, solid lines), and rN100 (Fig. 5
b, dashed lines and italicized labels) samples.

The time courses of the spectral forms for the membrane
(Fig. 5 a, solid lines) and for the rN10 sample (Fig. 5 a,
dashed lines) differ significantly. The membrane sample
shows a branched decay of the Lumi form into the
Meta480 and Meta380 forms at early times, followed by
equilibration of the latter two forms on the millisecond time-
scale. These are in agreement with an earlier report (13).
Rhodopsin in the rN10 sample completes a similar but
slower kinetic path and reaches the final active state
observed in the native membrane. Whereas it takes



FIGURE 5 (a) Time evolution of Lumi, Meta480, and Meta380 spectral

forms during rhodopsin photoreaction in membrane (L, M480, and M380,

solid lines) and in rN10 nanoparticles (L, M480, and M380, dashed lines).

(b) Time evolution of Lumi, Meta480, Meta460, and Meta380 spectral forms

during rhodopsin photoreaction in rN20 (L, M480, M460, and M380, solid

lines) and in rN100 nanoparticles (L, M480, M460, and M380, dashed lines).

SMA affects rhodopsin function kinetics
rhodopsin less than 10 ms to reach the active state in the
membrane, it takes one more step and almost a second to
do so in the rN10 nanoparticle. Furthermore, in the rN10
nanoparticle the protonated Meta480 is the dominant spectral
form and not the unprotonated Meta380 form. The latter
builds up gradually in the slow transitions. Interestingly,
the Lumi spectral form is present for a long time; a fraction
of it follows the time dependence of the Meta480 form. The
simultaneous presence of two spectral forms indicates a
reversible step in the kinetics; thus, the kinetic scheme for
rN10 may contain a Lumi-to-Meta480 equilibrium step as
part of the Lumi decay. The time courses of the spectral
forms also suggest that two isospectral intermediates may
be responsible for the long-lasting decay of the Meta480
spectral form.

The time courses for the rN20 and the rN100 nanopar-
ticles in Fig. 5 b show a drastically different picture from
the one just discussed. The photoactivation pathway for
rhodopsin in these nanoparticles exhibits very slow kinetics,
and the compositions of their final intermediates are very
different from the ones seen in the membrane and the
rN10 samples. In rN20 (Fig. 5 b, solid lines), around 65%
of the Lumi spectral form decays into Meta480 reversibly
and only around 2–3% of it into Meta380. Only at late times,
around 1 s, do we see more Meta380 formation from both
Lumi and Meta480. However, the buildup of Meta380 is
accompanied by the formation of twice as much Meta460.
The Meta460 spectral form, and probably a big part of the
Meta380, is not part of the kinetic chain leading to the active
state. The rN100 sample (Fig. 5 b, dashed lines) displays
even slower kinetics and practically a single, and even
more reversible, transition between Lumi and Meta480
before the onset of spectral changes characteristic of deacti-
vation after the active state in rhodopsin kinetics.
DISCUSSION

The description of kinetics on the molecular level involves
identifying the intermediate states, presenting a kinetic
model that contains the interconnections between states,
and defining the microscopic reaction rate constants of the
connecting steps. The kinetic picture presented above deals
with apparent rates and b-spectra, spectral forms, and their
time evolution. None of these actually needed the introduc-
tion of kinetic schemes; we used the intermediates of the
sequential scheme instead of the b-spectra only for conve-
nience and better visualization of the spectral forms present
at the different stages of the reaction. The aim of the anal-
ysis above was to get hints on the structure of the possible
kinetic schemes. Based on these hints, we now connect
the experimental observations to feasible kinetic models
that contain intermediates with spectral characteristics of
molecular states.

We showed that the kinetic path of rhodopsin solubilized
at SMA/rhodopsin molar ratios of 20 and above is compro-
mised by the onset of processes that do not belong to the
path leading to the active state. Analyzing distorted or frag-
mented kinetic models is outside the scope of this work.
Therefore, kinetic analysis of the rN20 and the rN100 sam-
ples will not be pursued further. Instead, we focus on
rhodopsin kinetics in the rN10 sample, in which the influ-
ence of SMA can be fully explored.

The kinetic picture we deduce for the rN10 sample also
applies to nanoparticles made at lower SMA/rhodopsin
molar ratios. Our previous work showed that they all have
the same spectral composition seconds after photobleaching
(4). To get more insight into the kinetics at lower molar ra-
tios, we tested the kinetics in the nanoparticle made at SMA/
rhodopsin ratio of five (rN5), the results of which are not
presented here because we found only slight deviations,
bordering the limits of reproducibility, from the kinetics
observed and reported here for the rN10 sample. It is very
likely that nanoparticles made at SMA/rhodopsin molar
Biophysical Journal 120, 4337–4348, October 19, 2021 4343
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ratios that are not exceeding 10–15 have similar structures,
resembling, perhaps, the reported disk-shaped SMALP
structure (16), whereas nanoparticles made at higher molar
ratios are significantly different from these. The threshold
molar ratio of 10–15 corresponds roughly to the minimal
SMA/lipid mass ratio of 1.2:1 needed for complete solubili-
zation of lipid membranes (15).
FIGURE 7 (a) Fitting the square model to the experimental b-spectra

(solid lines) and lifetimes obtained for rhodopsin in membrane. The

b-spectra corresponding to 73 ms (bs1), 0.77 ms (bs2), and 6.6 ms (bs3) life-

times and the time-independent final spectrum (bs0) reproduced by the ki-

netic matrix are shown by dashed lines. (b) Fitting the double-square model

to the experimental b-spectra (solid lines) and lifetimes obtained for

rhodopsin in rN10 nanoparticles. The b-spectra corresponding to 93 ms

(bs1), 2.7 ms (bs2), 68 ms (bs3), and 0.74 and 0.75 s (degenerate, bs4) life-

times and the time-independent final spectrum (bs0) reproduced by the ki-

netic matrix are shown by dashed lines.
Rhodopsin in membrane follows the square
kinetic model

Rhodopsin in native membranes showed three apparent life-
times and four b-spectra, which is typically seen at ambient
temperatures and neutral pH and adequately described by
the square model (Fig. 6; (13)).

The shapes of the b-spectra are intimately connected to
the underlying kinetic scheme, the elements of which can
be deduced following a few simple rules (27). The b-spectra
that correspond to well-separated lifetimes are viewed as
difference spectra produced by intermediates participating
in a transition. The positive lobe represents the spectra of
the decaying and the negative lobe the spectra of the
emerging intermediates in the transition. Reversible transi-
tions display b-spectra with reduced amplitudes, and
branched decays of intermediates produce more than one
spectral component in the negative lobe. Each transition is
considered a fragment of the kinetic scheme.

The b-spectrum with 70 ms lifetime in Fig. 7 a, bs1, has
the shape of a Lumi minus Meta380 difference spectrum
with reduced amplitude. According to the rules of b-spectra
interpretation, it represents the partial decay of the Lumi in-
termediate into the Meta I380 intermediate via a reversible
step in the scheme. The b-spectrum also has a small
Lumi-to-Meta I480 contribution, suggesting a branched
Lumi decay mechanism. These are in agreement with the
square model. The b-spectrum with 0.74 ms lifetime, bs2,
shows the decay of the equilibrated Lumi/Meta I380 mixture
into both Meta I480 and Meta II via irreversible steps, as the
square model predicts. The 6.5 ms b-spectrum, bs3, is a
Meta480 minus Meta380 difference spectrum and represents
the establishment of the final equilibrium between the
Meta I480 and Meta II intermediates. The spectrum of the
equilibrated mixture of the Meta I480 and the Meta II active
state is the last b-spectrum in Fig. 7 a, bs0.
FIGURE 6 Transitions between the late intermediates in the square

model of the rhodopsin activation mechanism.
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The validity of the square model was tested and the
microscopic rate constants of the transitions between the in-
termediate states in the model were obtained by a fitting pro-
cedure designed to reproduce the experimental b-spectra
and the lifetimes. The reproduced b-spectra corresponding
to the reproduced lifetimes of 73 ms and 0.77 and 6.6 ms
are shown in Fig. 7 a, dashed lines. The microscopic rate
constants are presented in Table 2. The rate constants are
similar to those published for rhodopsin at 30�C and pH 7
(13). We can conclude that the reaction kinetics of
rhodopsin in the native membrane at 30�C and pH 8 is
adequately described by the square model (Fig. 6), the inter-
mediates of which represent molecular states of rhodopsin.
Rhodopsin in rN10 nanoparticle follows the
double-square kinetic model

Rhodopsin in both the native membrane and the rN10 nano-
particle completes the kinetic path and displays the spec-
trum characteristic for the active state at the end of the



TABLE 2 Microscopic reaction rate constants, s�1, for

membrane in the square model and for rN10 nanoparticles in

the double-square model

rM (k/�k) rN10 (k/�k)

Lumi II 4 Meta I380 3.3 � 103/8.0 � 103 8.9 � 102/9.6 � 103

Lumi II 4 Meta Ia480 7.4 � 102/0 3.4 � 102/4.1 � 101

Meta I380 4 Meta IIa 3.0 � 103/0 2.9 � 102/1.0 � 101

Meta Ia480 4 Meta IIa 1.0 � 102/5.1 � 101 3.2 � 10�1/1.0

Meta Ia480 / Meta Ib480 N/A 1.6

Meta Ib480 / Meta IIb N/A 1.2

Meta IIa 4 Meta IIb N/A 8.6 � 10�1/4.6 � 10�1

N/A, not applicable; rM, membrane.

SMA affects rhodopsin function kinetics
reaction chain. However, in the nanoparticle, it takes
rhodopsin one more step to cover the path from Lumi to
the active state, and there are likely two Meta I480 states
in the reaction sequence. To accommodate the extra step
and intermediate, the single-square model was extended
by adding additional intermediates. The extended kinetic
model is the double-square model (Fig. 8) introduced by
us recently to describe the kinetics at moderately low tem-
peratures and elevated pH values of bovine rhodopsin in
membrane (14) and lipid nanodisks (18), as well as human
rhodopsin kinetics in membrane (17). The model contains
a pair of isospectral Meta Ia480/Meta Ib480 protonated
intermediates and their unprotonated Meta IIa/Meta IIb
counterparts.

The 85 ms first b-spectrum, Fig. 7 b, bs1, is similar in
shape but somewhat smaller in amplitude than the 70 ms first
b-spectrum observed in the membrane. It shows the partial
decay of the Lumi intermediate into the Meta I380 interme-
diate in the scheme via an equilibrium step, which is more
back shifted than the analogous step in the membrane.
The 2.5 ms second lifetime is 3.4 times longer than the
0.74 ms second lifetime detected in the membrane, and
the corresponding b-spectrum, Fig. 7 b, bs2, has the shape
of a nearly perfect Lumi minus Meta480 difference spec-
trum. The long-lasting and simultaneous presence of Lumi
and Meta480 spectral forms in Fig. 5 a is consistent with
the Lumi-to-Meta Ia480 step in the double-square model
FIGURE 8 Transitions between the late intermediates in the double-

square model of the rhodopsin activation mechanism.
being reversible, which makes the Meta I380-to-Meta IIa
step reversible as well. The lack of a Meta380 spectral
component in the negative lobe of the 2.5 ms b-spectrum in-
dicates that the equilibrated Lumi/Meta I380 mixture decays
preferentially through the protonated Meta Ia480 intermedi-
ate and not through the unprotonated Meta IIa. The assign-
ment of the first and second b-spectra to the steps in the
upper part of the double-square model (Fig. 8) thus seems
quite straightforward and similar to the analogous assign-
ment of the corresponding membrane b-spectra to the square
model above (Fig. 6).

The third and fourth b-spectra are more problematic to
assign to specific steps in the scheme. The 69 ms third
and the 0.73 s fourth b-spectra, Fig. 7 b, bs3 and bs4, respec-
tively, both have the shape of a Meta480 minus Meta380
difference spectrum. The higher amplitude of the 0.73 s
b-spectrum shows that most of the Schiff base deprotonation
needed to reach the active state occurs in the slowest step,
which is more than a hundred times slower than the last
step in the membrane. The information provided by the
two b-spectra, however, is not sufficient for the assignment
of the last two b-spectra to specific steps in the lower half of
the model for the very simple reason that the double-square
model requires five lifetimes and six b-spectra for unambig-
uous assignment. We have one less, and thus, our model is
degenerate and there are multiple ways to fit it to the
b-spectra and the lifetimes (14). The ambiguous micro-
scopic rate constants belong to the steps in the lower half,
the slow part of the model, and thus have small and
restricted values in any of the possible solutions. The actual
values have no relevance regarding the conclusions reached
in this study. The fit we present assumes temporal degener-
acy (14). The longest, 0.73 s experimental lifetime repre-
sents two degenerate eigenvalues, and the corresponding
experimental b-spectrum is the result of two degenerate ei-
genvectors of the kinetic matrix.

The reproduction of the b-spectra by the model is shown
in Fig. 7 b, dashed lines; the microscopic rate constants that
produced the 93 ms, the 2.7 ms, the 68 ms, and the degen-
erate 0.74 and 0.75 s lifetimes are listed in Table 2. The dou-
ble-square model provides an adequate description of the
kinetics in the rN10 nanoparticle, and the intermediates in
the model can be regarded as molecular states of rhodopsin.
Time evolution of intermediates present in the
membrane and the rN10 nanoparticle

The table of microscopic rate constants contains all the
essential information regarding the kinetic mechanism.
For a complex mechanism, however, inspection of the rate
constants is not the most convenient way to visualize how
the reaction progresses in time. The time dependence of
the intermediate concentrations gives a better picture. The
latter can be calculated from the kinetic matrices obtained
in the fit to the square and double-square models.
Biophysical Journal 120, 4337–4348, October 19, 2021 4345



Szundi et al.
In Fig. 9 a, the solid lines show the time courses of the
Lumi, Meta I480, Meta I380, and Meta II intermediate states
calculated from the microscopic rate constants in the square
model deduced for rhodopsin in the membrane. For compar-
ison, the time courses of the spectral forms calculated based
on the spectral compositions of the sequential intermediates,
as discussed above in detail and depicted in Fig. 5 a, are also
shown by dashed lines and italicized labels. Fig. 9 a illus-
trates the splitting of the time course of the Meta380 spectral
form into two, the time courses of the isospectral Meta I380
(early times) and Meta II (late times) intermediates occur-
ring in consecutive time intervals.

The double-square model for the rN10 sample has six in-
termediates, the time courses of which were calculated
FIGURE 9 (a) Time evolution of rhodopsin photoreaction in membrane

(solid lines), showing the Lumi (L), Meta I380 (MI380), Meta I480 (MI480),

and Meta II (MII) intermediate states derived from the square model. The

time courses of the corresponding spectral forms (L, M380, and M480)

from Fig. 5 a are shown for comparison (dashed line). (b) Time evolution

of rhodopsin photoreaction in rN10 nanoparticles (solid lines), showing

the Lumi (L), Meta I380 (MI380), Meta Ia480 (MIa480), Meta IIa (MIIa),

Meta Ib480 (MIb480), and Meta IIb (MIIb) intermediate states derived

from the double-square model. The dashed lines show the time courses

of the corresponding spectral forms (L, M380, and M480) from Fig. 5 a.
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based on the microscopic rate constants and are plotted in
Fig. 9 b, solid lines. Dashed lines and italicized labels
show the time courses of the spectral forms taken from
Fig. 5 a. Here, the time course of the Meta480 spectral
form is split into those of the isospectral Meta Ia480 (early
times) and Meta Ib480 (late times) intermediates. In a similar
manner, the time course of the Meta380 spectral form is split
into three, the time courses of the isospectral Meta I380
(early times), Meta IIa (middle times), and Meta IIb (late
times) intermediate states present in separate consecutive
time intervals. Fig. 9, a and b demonstrate in a simple
way the difference between the spectral forms detected in
a reaction and the intermediate states responsible for the
spectral forms. It is interesting to note that absorption tran-
sients recorded at single wavelengths always represent the
time evolution of spectral forms, which may or may not
belong to single intermediate states.
The effect of SMA on rhodopsin kinetics

A comparison of the intermediate states and their time evo-
lutions between the membrane (Fig. 9 a) and the rN10 nano-
particle (Fig. 9 b) gives a clear picture of the SMA influence
on rhodopsin kinetics. The early part of the reaction
sequence, the branched decay of Lumi into Meta I380 and
Meta I480, is not very different in the membrane and in the
rN10 nanoparticle. The first lifetimes are similar, 70 ms in
membrane and 85 ms in rN10. However, the equilibrium be-
tween Lumi and Meta I380 is somewhat more back shifted in
rN10 than in membrane. The backshift slows down the Meta
I380-to-Meta IIa conversion and reduces its contribution to
the second b-spectrum. The 2.5 ms second lifetime in the
rN10 sample is longer by a factor of 3.4 than the analogous
0.74 ms lifetime in the membrane, which is a significant but
not a dramatic change. Because the second b-spectrum in
rN10 shows only Lumi-to-Meta Ia480 conversion, the frac-
tion of the unprotonated intermediates present in the reac-
tion mixture stays constant during the second transition,
around 0.1, the same low value as after the first transition.
In the membrane, the equilibrium between Lumi and Meta
I380 after the first transition is less back shifted than in the
nanoparticle, and the concentration ratio between unproto-
nated and protonated states is above 1 after the second
transition.

This is a very significant difference in rhodopsin kinetics
between the rN10 and the membrane samples and shows
that photoactivated rhodopsin in SMA more strongly fol-
lows the protonated pathway, giving preference to the path
through Meta Ia480 over the path through Meta IIa. Another
significant difference between the two samples is the drastic
slowdown of the reaction as it progresses in the rN10 sam-
ple. In membranes, lowering the temperature is known to
affect both the kinetic rates and the preference between
pathways connecting Lumi to the active state (28). However,
the effect of temperature is consistent with hindering the
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deprotonation of the Schiff base all along the reaction chain,
starting with the equilibrium between Lumi and Meta I380,
which becomes very back shifted and thus undetectable
below 20�C (13), and ending with the active state, which
is dominated by the Meta I480 intermediate. Lowering the
temperature slows down the kinetics uniformly along the re-
action chain, and it is far less drastic than observed in the
SMALP samples at the late stages.
Potential implications for kinetic effects of SMA
on other GPCRs

The types of general kinetic pathways and conclusions
reached here for rhodopsin can be extended to other proteins
of the GPCR family, as the proteins all have inactive and
active conformations to control their interaction with the
G-protein. The conversion from the inactive state to the
active state is triggered by light in rhodopsin and by ligand
binding in other receptor proteins. To reach the active state,
some helices in rhodopsin change their physical positions to
accommodate the G-protein (29). This physical rearrange-
ment causes a relatively large volume change, especially
in the cytoplasmic face, which requires free space provided
by the polyunsaturated alkyl chains of the membrane lipids
and mobility of the surrounding lipid molecules. The details
of the reaction chain connecting the triggered initial state to
the active state are best known for rhodopsin. Structural,
infrared, and electron paramagnetic resonance spectroscopy
studies have shown that the protein backbone of rhodopsin
maintains the inactive form in all states with a protonated
chromophore, including Meta I480. Only upon the Meta
I480-to-Meta II transition does the protein undergo the big
conformational change necessary to accommodate the
G-protein (12,30,31).

In the early steps of the activation mechanism, the struc-
tural changes are restricted predominantly to the retinal
binding pocket, which is equivalent to the ligand binding
site in other receptor proteins. This part of the kinetics is
not very sensitive to the fluidity of the lipid phase of the sur-
rounding membrane.

The effect of SMA on the early part of the kinetics is thus
not significant. It becomes somewhat more pronounced in
the next steps, which occur on the early millisecond time-
scale in rhodopsin kinetics and are accompanied by bigger
changes in or near the binding pocket and, perhaps, by rear-
rangements of bound lipids surrounding the helices. These
structural changes allow partial deprotonation of the retinal
Schiff base, producing Meta II in the square model and Meta
IIa in the double-square model through Meta I380. These
steps likely communicate the trigger pulse to the helical
backbone, and steps analogous to those detected in
rhodopsin kinetics are expected for other receptor proteins.

The dramatic changes in kinetics occur in the late steps,
indicating that SMA mainly affects the steps associated
with movements of helices in the protein backbone. Forcing
rhodopsin to follow the protonated path through Meta I480
means that SMA locks and holds the protein in the inactive
conformational state strongly enough to cause a dramatic
slowdown of the late kinetic steps.

The slow rates can be explained in a number of ways.
They could be caused by increased rigidity of the lipid envi-
ronment because of the insertion of the hydrophobic styrene
blocks of the copolymer between the unsaturated alkyl
chains of lipids or displacing the entire lipid molecule,
thus slowing down or even preventing the protein conforma-
tion changes necessary for the reaction to progress. The ar-
omatic ring of styrene may also bind to the proposed
cholesterol binding site of the inactive conformation (32)
and slow down or freeze the movements of the helices
needed to reach the active state. At very high SMA/protein
ratios, the receptor may stay in the inactive state perma-
nently. The results and the reasoning presented here may
apply to many membrane-bound GPCR proteins. Thus,
the effects of SMA on the kinetics reported here may be
quite ubiquitous.

Lipid nanodisks enclosing rhodopsin can also be made
the traditional way using detergent-solubilized protein,
lipids, and appropriate edge proteins. The kinetics in these
particles deviates from membrane kinetics only slightly
(18), to a much smaller extent than presented here for the
lipid nanoparticles made with SMA. The use of SMALPs
has the big and sometimes crucial advantage of avoiding
the application of detergents harmful to many membrane
proteins. However, our work suggests that until optimal
SMA conditions are first established, lipid nanodisks may
be more appropriate for kinetic and dynamic membrane pro-
tein studies.
CONCLUSIONS

Solubilization of the membrane protein rhodopsin with
SMA at SMA/protein molar ratios not exceeding 10–15,
at or below the threshold SMA/membrane mass ratio needed
for complete solubilization, produces nanoparticles that are
suitable for kinetic studies. The effects of SMA at low SMA/
protein molar ratios do not prevent intermediates involved in
rhodopsin activation from forming, and the mechanism fol-
lows the general path leading to the active state in mem-
brane. The details of the kinetics, however, do differ
significantly from those seen in the native membrane. The
main differences include revealing additional kinetic steps
not resolved in the membrane, giving preference to the
pathway through the protonated inactive forms over the un-
protonated ones, and increasingly slowing down the reaction
steps at the late stages at which big conformational and vol-
ume changes occur. In contrast, for SMALPs made at high
SMA/protein molar ratios, the kinetics of rhodopsin is
extremely slow, its path becomes disrupted, and the active
state is not reached, thus rendering the solubilized protein
unsuitable for kinetic studies. These results suggest that
Biophysical Journal 120, 4337–4348, October 19, 2021 4347
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the interpretation of membrane protein dynamics studies
carried out at high SMA concentrations should proceed
only with caution.
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