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ABSTRACT: The diverse functionalities of membrane proteins
(MPs) have garnered much interest in leveraging these biomolecules
for technological applications. One challenge of studying MPs in
artificial micellar surfactant environments is that many factors
modulate their structures and functionalities, including the on f
surfactants that interact with the MP or their assembly into """
oligomers. As oligomerization offers a means by which MPs could ~~~ o~~~y Function?
selectively interact among the copious environmental factors in 3G I AYor

biological environments, we hypothesized that MP function is F;;;b(bvé;f:

predominantly modified by oligomerization rather than interactions

with local surfactants that, by comparison, largely interact with MPs

nonspecifically. To test this, we study the light-activated proton pump proteorhodopsin (PR) in micellar surfactant solutions
because it is functionally active in monomeric and oligomeric forms, the light-activated functionalities of which can be assessed
in detail. The surfactant composition and oligomerization are correlated with PR function, as measured by the protonation
behaviors of aspartic acid residue 97, which mediates light-activated proton transport, and the associated photocycle kinetics.
The results demonstrate that oligomerization dominantly mediates PR function in different surfactant environments, whereas
some surfactants can subtly modulate proton-pumping kinetics. This work underscores the importance of understanding and
controlling oligomerization of MPs to study and exploit their function.

Surfactant
environment

H INTRODUCTION interdependent,lz’15 making it difficult to distinguish their
effects on protein function.

In a biological context, the protein-specific interactions of
MP oligomers could serve to selectively perturb protein
characteristics amidst the copious environmental factors (i.e.,
lipids, salts, water, etc.) present in cellular lipid bilayer
environments. Therefore, we hypothesize that oligomerization
exerts a dominant functional influence on MPs, as opposed to
local surfactant interactions, which by comparison are largely
hydrophobic and nonspecific. To test this hypothesis, we

oligomer can exhibit enhanced protein stability,n_M modified selected an MP system in which (1) the surfactant environ-
protein function,*S™'® or more complex functional properties ment and rel;litlve monomer ar.ld. ollgomelj populanons can be
compared to its monomeric subunits.'®?° Due to the separately adjusted while retaining protein function and (2)
importance of MP oligomerization, researchers have recently Changes 1n.the .MP funf:tlo.n can be correlated Wlth. the
employed powerful characterization techniques, including differences in oligomer distributions and‘surfactant environ-
electron paramagnetic resonance or nuclear magnetic reso- ments. We chose to study the heptahelical transmembrane

nance (NMR) spectroscopy, to interrogate the oligomeric protein pr(;étgeicgghodopsin (PR), a proton-pumping eubacterial
structures of MPs at the molecular level 22 Some studies rhodopsin, solubilized in a micellar surfactant solution. In

. . 31,32
also suggest that the surfactant environment plays a significant these systems, surfactants assoc1ate33vnth the MPs and
role in adjusting MP functi on.'¥727 §ll, studies that directly exchange with surfactants in solution,” which should allow the
surfactant composition near the protein surface to be adjusted

Membrane proteins (MPs) are biomacromolecules with
functionalities that impart transport,l_3 cataly’tic,”"5 sensing,6
and structural” properties to biological lipid membranes to
facilitate cellular functions. Such proteins have extensive
hydrophobic transmembrane regions that interact with
surfactants (e.g,, lipids or detergents), as well as other protein
constructs, which can result in the formation of oligomeric
protein assemblies® "' that are typically held together by weak
interactions. Numerous studies have shown that an MP

address the question of whether MP function is dominantly
and directly tuned by oligomerization are lacking, although

clarifying this question is an important goal. A key challenge in Received: January 30, 2019
comparing the functional roles of oligomerization and local Revised:  March 27, 2019
surfactant environments is that these factors are often Published: March 29, 2019
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by the surfactant composition in the bulk solution. Moreover,
surfactant-solubilized PR samples can be separately prepared as
functional monomers or oligomers by size-exclusion chroma-
tography (SEC)'? or by the use of point mutations, e.g., ES0Q,
that enrich the monomeric PR populations compared to the
wild-type variant.”® Finally, PR has a complex light-activated
proton-pumping functionality™* that yields functional informa-
tion at a level of detail’*° typically not available for many
MPs.

In particular, Hussain et al. report that surfactant-solubilized
PR monomers and oligomers exhibit substantially different
photochemical reaction cycle kinetics, which are associated
with PR’s H-transport process and the pK, of the aspartic acid
residue 97 (pK,_ ), a key moiety that mediates light-activated

proton transport. Hussain et al. established that monomeric PR
underwent an ~5 times faster photocycle and displayed a
significantly higher pK, ~value (pK, = 7.4) than the

= 6.7), with the difference proposed to

D97

D97

oligomeric PR (pK,

arise from the presence/absence of an interprotein W34—H75
hydrogen bond,"® as identified by Ran et al.”” These functional
differences were relatively insensitive to the type of surfactant
that solubilized the PR, specifically between n-dodecyl-j,p-
maltoside (DDM), n-dodecyl phosphocholine, and dihepta-
noyl-sn-glycero-3-phosophotidylcholine (diC,PC)."> Subse-
quently, Maciejko et al.”® reported similarly distinct pK,,,
values for hexameric PR in DDM (pKam = 6.9) and

monomeric PR in octylglucoside (pK, = 8.0), consistent
with that of Hussain et al."> These researchers, however, also

observed a surprisingly low pK, ~of 6.9 for PR in monomeric

Triton X-100 (TX100) surfactants.”® Based on this observa-
tion, Maciejko et al.” suggested that some surfactants may be
equally potent modifiers of PR function, which would
contradict the hypothesis that interprotein interactions
dominate functional regulation.

Our study takes this apparent contradiction as a starting
point to test our stated hypothesis with a scope that extends
that of the studies of both Hussain et al. and Maciejko et
al.">** Functional analyses of monomeric and oligomeric PR in
DDM surfactants help establish the degree to which
oligomerization mediates the protonation behaviors of the
functionally relevant D97 residue and the photocycle kinetics,
providing a scale by which to compare the effects of the
surfactant environment. The same functional parameters were
acquired for PR in solutions of Triton X-100 (TX100), Brij-3S,
or the fluorinated Zonyl FSN-100 (Zonyl) surfactant micelles,
as well as in mixtures of these surfactants with DDM, and
subsequently correlated with the oligomeric distribution of PR
species. The collective analyses reveal that oligomerization
dominantly modifies PR function, relatively independent of the
surfactant environments investigated here, whereas changes to
the surfactant environment exert in some cases subtle effects
on PR function.

B EXPERIMENTAL SECTION

Sample Preparation. The expression and purification of
green-absorbing PR were essentially carried out as described
) 10 . . o
previously = but with a few exceptions. Namely, additional
freeze-fracture steps (three freeze—thaw cycles) were used to
lyse the Escherichia coli cells and the lysed cell fragments were
collected by centrifugation at ~7000g, rather than using
ultracentrifugation. All protein purification steps were
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performed in aqueous (aq) buffered solutions that consisted
of 150 mM KCl and 50 mM K,HPO,, which provided a pH of
~8.7, and surfactant quantities are expressed as a weight-per-
volume percent or in molarity. Green PR was cloned into a
pET26b(+) plasmid vector containing an additional C-
terminal HSV sequence and hexahistidine tag for purification.
In addition, we used the triple-cysteine mutant of PR, in which
the three natural cysteines are mutated to serine residues, to
reduce variability in protein function as a result of cysteine
oxidation and/or post-translational modiﬁcations;35 we refer to
this protein as cysteine-less (cys-less) PR throughout the
article. Additional mutations were introduced to the cys-less
green PR template vector via site-directed mutagenesis by
polymerase chain reaction amplification with mutagenic
primers. Vectors were transformed into E. coli XL1-Blue
competent cells and were plated on Luria—Bertani (LB) agar
plates containing kanamycin and subsequently grown at 37 °C
overnight. Colonies were picked and grown in LB medium,
and the plasmid DNA was isolated using a GeneJET Plasmid
Miniprep Kit. Sequences were verified with GENEWIZ.
Expression of cys-less and mutant green PR was carried out
in E. coli-competent BL21 (DE3) cells in LB. Cells were grown
to an ODg, of 0.8—1 at which point expression was induced
by the addition of isopropyl -p-1-thiogalactopyranoside to a
concentration of 1 mM, and retinal was added such that the
final concentration was 10 uM. Cell disruption and Ni-NTA
matrix purification were performed, as described previously,"
except that a freeze-fracture technique using liquid nitrogen
was employed, in addition to sonication to further lyse cell
membranes. All samples were desalted with Sephadex G-25 M
PD-10 Columns (GE Healthcare) prior to subjecting them to
size-exclusion chromatography (SEC). SEC was used to isolate
the different oligomeric forms of PR and assess the oligomeric
state, as described by Stone et al.'’ PR samples were purified in
DDM, exchanged into D,0 by concentrating the PR-
containing solution in a 50 kDa molecular weight cutoff
centrifugal concentrator to a volume of ~300 yL, and then
mixed with a 0.1% DDM alkaline buffer made with D,0
(Cambridge isotopes, 98%) to achieve a final volume of ~1
mL.

Surfactant Exchange Protocol. To exchange the
surfactants that solubilize PR, a solution with 0.5 mg of PR
purified in DDM was added to ~10 mL of phosphate-buffered
solution (50 mM KH,PO,, 150 mM KCl) containing an
appropriate amount of Ni-NTA resin, such that all PR was
bound. After PR was completely bound, the resin was allowed
to settle and the supernatant was removed. The protein-bound
resin was then washed with ~120 mL of phosphate buffer with
the desired surfactant (0.1 wt %) by repeatedly resuspending
the resin in 40 mL of solution, allowing the resin to settle (~15
min), and then removing the supernatant. Subsequently, the
protein-bound resin was resuspended in an additional 40 mL
of phosphate buffer with the desired surfactant (0.1 wt %) and
incubated with shaking at 4 °C overnight (~18 h). Following
the removal of the supernatant, the PR was eluted from the
resin by incubation in 0.5—1 mL of phosphate-buffered
solution with 500 mM imidazole and the desired surfactant
(0.1 wt %) for ~30 min. Imidazole was removed by running
the protein-containing solution through a PD-10 desalting
column equilibrated in phosphate buffer with the desired
surfactant (0.1 wt %). Solution-state "H NMR analyses (see
below and Figure S1 of the Supporting Information (SI))
established the presence of only the desired surfactant in the
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protein-containing solutions prepared by this surfactant
exchange protocol.

Blue-Native Polyacrylamide Gel Electrophoresis (BN-
PAGE). The distributions of proteorhodopsin monomers and
oligomers in protein samples were assessed using BN-PAGE.
Preparation and electrophoresis of BN-PAGE gels (Native-
PAGE Novex Bis—Tris gel 4—16%, 10 wells) were performed
according to manufacturer’s instructions. Samples were
prepared with 3—4 ug of the protein, 5 puL of the sample
buffer, 1 uL of 5% Coomassie Brilliant Blue G250 solution, and
H,O adjusted to a total volume of 20 L. Integration of signal
intensities on BN-PAGE gels was carried out with Image]
software using first a background subtraction (rolling ball
method, 150 pixels) and then integrating along the direction of
low to high molecular weight, averaging across the entire width
of the respective lane. An example of the background-
subtraction and integration processes used in this study is
shown in Figure S2 of the SIL

Optical Absorption Measurements and Analyses.
UV-—visible absorption spectra of cys-less proteorhodopsin
and E50Q variants were recorded using a Shimadzu UV-1800
spectrophotometer. The optical absorbance of each sample was
recorded over a wavelength range of either 250—750 or 400—
750 nm in increments of 0.5 nm. All samples had an initial
volume of 750 uL, were buffered with 50 mM KCI and 150
mM K,HPO,, and had optical densities of >0.15 at 520 nm.
Samples were titrated with 1 M NaOH (aq) from the initial
pH to a pH of 10 and then with 1 M HCI (aq) to a pH of 4.
Approximately 30 gL of 1 M HCI or NaOH was used during
the titration, so the ionic strength changed by ~30 mM during
the measurement. The pH was measured using a low-volume
pH probe (Mettler Toledo).

pK,  Analyses. The pK, of the D97 residue side chain of

(2%
proteorhodopsin was determined by analyses of the UV—
visible absorption spectra. Briefly, each UV—visible absorption
spectrum was adjusted by a zero-order baseline correction,
such that the absorbance at 750 nm had zero intensity and was
subsequently normalized to the maximum absorbance intensity
between 510 and 550 nm to account for dilution. Then, the
absorbance spectrum recorded at the most alkaline pH (~10)
was subtracted from each spectrum to yield difference
absorbance spectra. The difference absorbance at 570 nm
was normalized and fitted to the Henderson—Hasselbalch
equation’®*” using nonlinear least-squares regression and a
home-constructed MATLAB code with two fitting parameters:
the pK, value and Hill coefficient (code available in the
Supporting Information). We hypothesized that inter-PR
interactions among oligomers could promote cooperative
binding and so included a Hill coefficient to assess the binding
cooperativity of PR in our pK

ay, ANalysis. The distribution of
monomeric and oligomeric cys-less PR in DDM was not
affected by incubation overnight (~18 h) under pH conditions
ranging from 3 to 11 (Figure S3, SI). Also, only subtle
differences in monomer and oligomer populations were
observed for ESOQ PR in various micellar surfactant solutions
before and after implementing the pH titration protocol used
to probe the protonation behaviors of D97 (Figure S3, SI). To

test robustness, pK, = measurements were acquired on three

samples of as-purified cys-less PR in DDM surfactants, which
yielded standard deviations of ~0.05 and ~0.02 for the pK,

and Hill coefficients, respectively (Figure S4, SI). Based on

‘D97
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and Hill

these measurements, we expect the errors in the pK,
coefficients to be approximately 0.1 and 0.05, respectively.

Flash Photolysis Measurements and Analyses. Flash
photolysis measurements were conducted using a SpectraPhy-
sics Nd:YAG laser with a monochromator. Samples were
illuminated by a 10 ns 532 nm laser flash, and the transient
absorbances at several wavelengths were monitored over a time
span of 10 us to ~0.5 s. For each wavelength measured, 5096
absorbance points were collected with time resolutions of 20
ns, 20 us, and 2 ms and subsequently stitched together to yield
an absorbance trace. Absorbance data at each wavelength was
averaged over approximately 200 logarithmically spaced time
points and was truncated below 40 us to account for artifacts
from the laser. Global fitting analyses were performed using a
home-written MATLAB code (code available in the Support-
ing Information). The PR concentrations and pH of all
samples characterized using flash photolysis measurements are
shown in Table S1, Supporting Information.

Solution-State 'H NMR. Solution-state 'H single-pulse
NMR measurements were used to quantify the surfactants in
solutions without and with proteorhodopsin species. "H NMR
measurements were conducted on a Varian NMR spectrometer
operating at a field strength of 14.1 T, which corresponds to a
'H Larmor frequency of 600 MHz. Samples were prepared by
diluting 50 uL of the proteorhodopsin-containing solution in
950 uL of D,0 (Cambridge isotopes, 98%) in a 1-in-20
dilution. Each '"H NMR measurement used an acquisition time
of 6 s, a delay time of 10 s, and between 16 and 64 signal-
averaging scans. The amounts of DDM surfactants in
proteorhodopsin-containing solutions were determined by
comparing the integrated areas of '"H NMR peaks of DDM
of spectra from the protein-containing solutions and a solution
containing 0.1% (w/v) DDM in D,O.

B RESULTS AND DISCUSSION

To compare the effects of the surfactant environment and
oligomerization on proteorhodopsin function, we employed a
combination of complementary characterization methods to
quantify the surfactant composition of the PR-solubilizing
micellar solutions, to isolate monomeric and oligomeric PR
species, and to gain insight into the distribution of PR
monomers and oligomers in micellar solutions. Information
derived from these techniques is correlated with PR function,
including the protonation behaviors of the residue D97 and the
photocycle kinetics of PR at microsecond time resolution as
probed by time-resolved visible absorbance spectroscopy.
Selection of PR-Stabilizing Surfactants. The surfactants
explored in this study were judiciously selected to span a range
of molecular architectures to test whether the types of head
group or tail moieties influence PR function. Specifically, this
study explores the effects of n-dodecyl-f,p-maltoside (DDM),
Brij-3S, Triton X-100 (TX100), and Zonyl FSN-100 (Zonyl)
surfactants, whose molecular structures are shown schemati-
cally in Figure 1. UV—visible absorption spectra (Figure SS,
SI) of the cys-less and ESOQ PR mutants solubilized
exclusively in these surfactants show characteristic absorption
properties of functionally active PR, suggesting that these
surfactants solubilize functional PR species. Both DDM and
Brij-35 have identical 12-carbon alkyl tails but different head
groups, namely, a maltoside head group for DDM and a linear
ethylene oxide (EO) chain for Brij-35. Thus, the analysis of PR
solubilized in DDM versus Brij-35 allows the effects of a

DOI: 10.1021/acs.jpcb.9b00922
J. Phys. Chem. B 2019, 123, 4180—-4192


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b00922/suppl_file/jp9b00922_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b00922/suppl_file/jp9b00922_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b00922/suppl_file/jp9b00922_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b00922/suppl_file/jp9b00922_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b00922/suppl_file/jp9b00922_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b00922/suppl_file/jp9b00922_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b00922/suppl_file/jp9b00922_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b00922/suppl_file/jp9b00922_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b00922/suppl_file/jp9b00922_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.9b00922

The Journal of Physical Chemistry B

OH
(0]
OH oo
., oot
P N N
o OH
. HO
Brij-35
/\/\/\/\/\/‘(O/\)'OH
22
Zonyl
RER FR ER RSOV o
F O
F F F E F F F F F 23

Figure 1. Molecular structures of n-dodecyl-f,p-maltoside (DDM),
Brij-35, Zonyl FSN-100 (Zonyl), and Triton X-100 (TX100).

surfactant head group type to be probed. In contrast, Triton X-
100 (TX100) and Zonyl FSN-100 (Zonyl) surfactants have the
same linear ethylene oxide (EO) head groups, albeit with
different EO chain lengths as Brij-35, yet dramatically different
octylphenolic and linear fluorinated tails, respectively. These
surfactants permit the effects of the tail group type on PR
function to be assessed.

Quantifying Surfactant Compositions of Micellar
Solutions Containing PR. To establish how surfactants
influence PR function, it is necessary to understand the
surfactant composition in the micellar solution in which PR is
solubilized. Solution-state '"H NMR is a useful method for
quantifying the surfactant compositions of MP-solubilizing
micellar solutions, yet it is not routinely used.*” For example,
the single-pulse '"H NMR spectrum in Figure 2a of 2 mM
DDM in D,O shows peaks at 0.8, 1.3, 1.6, 3.5—4, 4.4, and 5.4
ppm that are unambiguously assigned to the various 'H
moieties of the alkyl tail and maltoside head group of DDM, as
indicated in the inset. The integrated areas of these assigned

(a)

PN
HO" 220
HO 190 4o
21 200H016 170
15 14%n

7 5
12 10 8 6 4 2
H,0

2-9

120/,
14-18,
20-24
—

0.1 % (w/v) DDM in D0

(b) %@
g

Cys-less PR in DDM (aq.)

Figure 2. Solution-state "H NMR spectra of (a) 2 mM DDM in D,0
and (b) monomeric fractions of cys-less PR from SEC, diluted 20
times in D,0. A comparison of the respective peak areas among these
spectra establishes the DDM concentration in the PR-containing
solutions.
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'H signals represent the correct stoichiometry of the 'H
species of a DDM molecule, corroborating their assignments.
The '"H NMR spectrum shown in Figure 2b of cysteine-less
(cys-less) PR in a micellar DDM solution shows the same 'H
NMR signals, indicating that DDM is the only surfactant
present in this solution. Notably, signals associated with PR
molecules are entirely absent in the spectrum shown in Figure
2b, likely because the PR species are too dilute (~10 uM) to
be detected or undergo slow motions that reduce NMR
spectral resolution. A comparison of these '"H NMR signals to
those from a 2 mM DDM solution, which serves as a
quantitative external reference (Figure S6, SI), reveals that this
PR sample contains 17.6 mM DDM. Interestingly, the
experimentally determined DDM concentration is substantially
higher than the 1 mM DDM of the buffer used to purify this
very protein sample, suggesting that DDM surfactants
accumulate around PR during purification, likely due to the
favorable association of surfactants with PR and/or centrifugal
concentration. The '"H NMR spectra recorded from Triton X-
100 (TX100), Brij-35, and Zonyl FSN-100 (Zonyl) surfactants
in D,0 solutions also show distinct sets of 'H signals (Figure
S7, SI), enabling 'H NMR analyses to quantify these
surfactants in D,0 as well.

Enriching PR Monomer and Oligomer Contents in
Micellar Solutions. Comparisons of the functionalities of
monomeric and oligomeric PR in different surfactant environ-
ments provide important insights into how local surfactant
environment and oligomerization influence PR function.
However, preparing such samples is often challenging because
the monomer/oligomer distributions of PR are often surfactant
dependent. We exploit solution-state '"H NMR spectroscopy
and blue-native polyacrylamide gel electrophoresis (BN-
PAGE) techniques to obtain a semiquantitative measure for
the populations of soluble PR monomers and oligomers."'
This information can then be used to correlate monomer and
oligomer contents with surfactant compositions and the
functional properties of PR. The understanding gained from
this analysis can be employed to select surfactant compositions
or other modifications to isolate predominantly monomeric or
oligomeric PR in the same surfactant environment.

Separation of PR Species with Size-Exclusion Chroma-
tography (SEC). Samples enriched in either monomeric or
oligomeric PR but with the same surfactant can be prepared by
size-exclusion chromatography, demonstrated here for PR in
micellar DDM solutions. A BN-PAGE gel run with cys-less PR
(Figure 3a, lane 1) that, according to solution-state 'H NMR,
is solubilized in a solution containing 8 mM DDM yields an
intense band at ~242 kDa that is assignable to pentameric/
hexameric PR assemblies.”> The band corresponds to a
significantly higher molecular mass than six times the
molecular weight of an individual PR molecule (ca. 27 kDa),
as would be expected for a PR hexamer. This difference likely
arises from the presence of surfactants that are strongly bound
to hexameric PR and remain so during the BN-PAGE
measurement. As described previously by Hussain et al,'’
incubation of this pentameric/hexameric cys-less PR sample in
concentrated solutions of ~40 mM diheptanoyl-sn-glycero-3-
phosophotidylcholine (diC,PC) surfactants enriches the
monomer PR population, which can be subsequently isolated
in an SEC column equilibrated with a running buffer of 1 mM
DDM without diC,PC. The resulting monomeric PR fractions
obtained from SEC are solubilized in a ~49 mM DDM
solution according to 'H NMR, whereas the BN-PAGE
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Figure 3. (a—d) Surfactant compositions and blue-native PAGE gels with (e—h) corresponding pK,__titration results. The PR samples analyzed in

(a) and (e) were solubilized exclusively in DDM surfactants but have distinct monomer and oligomeric distributions. Proteorhodopsin species in
samples (b) and (f) were solubilized in low concentrations of DDM but with various TX100 concentrations. In (c) and (g), PR was solubilized in
the same total quantity of surfactants but with different DDM and TX100 compositions. Finally, the ESOQ PR in (d) and (h) is solubilized
exclusively in either DDM, Brij-3S, or TX100 surfactants. Samples in (b, ¢, f, g) were incubated at 4 °C in surfactant solutions for overnight before
conducting BN-PAGE and pK,  titration measurements.

analysis (Figure 3a, lane 2) showed a strong signal at ~60 kDa surfactants influence the oligomerization behaviors of PR in
that corresponds to monomeric PR* and a relatively weak micellar solutions. First, we investigated the effects of TX100
band at ~242 kDa that corresponds to a residual pentamer/ surfactants on solutions of oligomeric cys-less PR in 3 mM
hexamer population. The BN-PAGE signal assigned to DDM, which were incubated overnight with TX100 in
monomeric PR occurs at a higher molecular weight than concentrations ranging from 1 to 20 mM and subsequently
expected for a PR molecule (ca. 27 kDa) as well, likely characterized by BN-PAGE (Figure 3b). Oligomeric cys-less
reflecting bound surfactant. Interestingly, the solution-state 'H PR incubated in solutions of 3 mM DDM, without TX100 or
NMR spectrum of this predominantly monomeric sample with 1 mM TX100, were primarily pentameric/hexameric with
shows no 'H signals that are assignable to diiC,PC (a '"H NMR some higher-order oligomers observed (Figure 3b, lanes 1 and
spectrum of neat diC,PC in D,O is shown in Figure S7c, SI), 2), whereas samples containing TX100 concentrations of S—20
suggesting that diC,PC surfactants elute separately from the mM showed increasing populations of monomeric and dimeric
PR monomers during SEC. These results demonstrate SEC to PR (Figure 3b, lanes 3 and 4). This establishes a proclivity of
be a valuable tool for isolating monomeric and oligomeric PR PR to form monomers or dimers in the presence of TX100
in the same surfactant type, which enables the examination of surfactants, which is further corroborated by the BN-PAGE
the effect of oligomerization on PR function, independent of analyses of cys-less PR, as well as monomer-forming ES0Q PR
the surfactant environment. variants in DDM incubated with increasing TX100 concen-
Tuning the Surfactant Environment of PR Monomers trations (Figure S8, SI).
and Oligomers. The populations of monomeric or Importantly, this understanding can be exploited to prepare
oligomeric PR can be largely maintained in micellar solutions micellar solutions with similar distributions of PR monomers
of various surfactant compositions by judiciously selecting the and oligomers but different surfactant compositions. For
surfactant concentration and type. For example, monomeric example, leveraging the monomer/dimer-forming proclivities
PR should be stable in micellar solutions with surfactants that of TX100, we incubated monomeric cys-less PR in DDM
promote the formation of monomeric PR. Therefore, we (obtained from SEC) in solutions containing either 60 mM

sought to identify how DDM, TX100, Brij-35, and Zonyl DDM and 20 mM TX100 or 80 mM DDM. BN-PAGE
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analyses of these samples (Figure 3c, lanes 1 and 2) showed
nearly identical signal patterns that indicate high populations
of monomers with lower quantities of larger oligomers. These
results demonstrate that the monomer/oligomer distributions
of PR in monomeric PR in DDM micellar solutions can be
largely preserved, even in the presence of TX100 surfactants.

Similar analyses conducted on PR in DDM, Brij-35, and
Zonyl surfactants revealed how these surfactants influence PR
oligomerization. BN-PAGE analyses of cys-less PR incubated
in solutions of either DDM or DDM/Brij-35 mixtures (Figure
S9, SI) showed that these surfactants solubilize PR as
pentamers and hexamers. A BN-PAGE run with PR incubated
in solutions containing DDM/Zonyl surfactant mixtures
indicated that Zonyl surfactants solubilize PR aggregates that
were not visible on BN-PAGE gels (Figure S10a, SI).
Complementary UV—visible absorption spectra (Figure S10b,
SI) of these same samples revealed increased light scattering
with greater Zonyl contents, reflecting the presence of
insoluble aggregates that likely form based on an inability of
mixtures of Zonyl and DDM surfactants to solubilize PR. The
complex behaviors of PR in Zonyl surfactants evade simple
analyses by BN-PAGE and, therefore, direct correlations of
BN-PAGE and functional data using Zonyl surfactants are
excluded in subsequent analyses. Collectively, the BN-PAGE
analyses of PR in these diverse surfactant environments
underscore the complexities of interactions among surfactants
and PR. Still, these data empirically reveal that DDM and Brij-
35 surfactants solubilize oligomeric PR, whereas TX100 favors
the formation of PR monomers. This dependence can be
exploited to correlate surfactant composition with PR function
and oligomerization.

Adjusting PR Oligomerization Behaviors by Point
Mutations. Point mutations that alter the oligomerization
behavior, but not directly the function, of PR provide another
important tool to understand the effects of oligomerization on
PR function. In this case, the mutated variant and the cys-less
protein could display different monomer and oligomer
distributions in identical surfactant environments so that
differences in protein function could be attributed to effects
from oligomerization. Recently, Maciejko et al.*® used
advanced solid-state NMR techniques to identify several
residues at the oligomeric interface that mediate PR
oligomerization. These mutations included the RSIA and
D52N mutations that promote the formation of hexameric
versus pentameric PR, as well as the ES0Q mutation that
enriches the population of monomeric PR in DDM and TX100
surfactants. Of specific interest is the monomer-enriching
ESOQ_variant, as this mutant promotes higher monomer
populations versus the cys-less protein in a given surfactant
environment. To test this, we separately exchanged ES0Q and
cys-less PR from micellar DDM solutions into new micellar
solutions containing exclusively TX100, Brij-35, Zonyl, or
DDM (as a control) surfactants and compared their
monomer/oligomer distributions by BN-PAGE. Importantly,
ESO0Q PR exchanged into Brij-35, Zonyl, and DDM surfactants
retained native-like coloration of functional PR; ES0Q PR
exchanged into TX100 surfactants had similar native coloration
initially, although over several hours turned yellow, signifying
the occurrence of structural changes near the retinal
chromophore. The BN-PAGE results (Figure 3d) for ESOQ
PR, when exchanged into different surfactant environments,
showed bands associated with monomers and dimers, as well
as weaker bands from higher-order oligomers. The exception

4185

was the Brij-35 surfactant environment (Figure 3d, lane 2), in
which the higher-order oligomer bands were found to be still
intense, further corroborating the propensity of Brij-35
surfactants to solubilize oligomers. Even though the ES0Q
mutation alone could not eliminate oligomer formation
entirely, each ES0Q PR solution exhibited higher monomer/
dimer contents compared to cys-less PR when exchanged into
the respective surfactants (Figure S11, SI). Thus, comparisons
of the monomer-forming ES0Q and cys-less PR could
effectively establish how oligomerization affects protein
function in various surfactant environments.

Protonation Behaviors of D97 in Different Surfactant
Environments. The protonation behavior of the aspartic acid
residue 97 (pK,

that provides a sensitive measure for how surfactants and
oligomerization influence protein function. Under alkaline
conditions, the anionic carboxylic acid moiety of the D97 side
chain serves as the primary proton acceptor for the Schiff
base™ and is crucial for mediating light-activated proton
transport by PR.** As D97 is located near the retinal
chromophore, changes in the protonation state of D97
produce a substantial ~25 nm shift in the visible absorbance
of the retinal, from ~515 nm when D97 is deprotonated to
~540 nm when D97 is protonated.*” This wavelength shift can
be equivalently expressed as the difference absorbance at 570
nm (AAy;), which is the difference in absorbance intensity at
570 nm between PR at a pH of interest and PR under alkaline
(~pH 10) conditions at which D97 is fully deprotonated. For
example, as shown in Figure 3e for primarily monomeric cys-
less PR (solubilized in 49 mM DDM, the same sample
analyzed in Figure 3a, lane 2), AA;, decreased sigmoidally
from 1.0 under acidic pH conditions to 0.0 at basic pH (Figure
3e, red dots). A fit of these data to the Henderson—
Hasselbalch equation (Figure 3e, red line) yielded a pK,  of

7.5 and a Hill coeflicient of 0.9, reflecting slightly
anticooperative protonation of D97 residues in this predom-
inantly monomeric sample. By comparison, pentameric/
hexameric PR in 8 mM DDM (same sample as analyzed in
Figure 3a, lane 1) exhibited a substantially lower pK,  of 6.9

D97

) is a key function-mediating property of PR

D97

and a moderately reduced Hill coefficient of 0.8 (Figure 3e
blue). As only DDM surfactants solubilized PR in both
samples, the distinct protonation behaviors are attributable to
the differences in monomeric and oligomeric populations.
These results imply that the carboxylic moiety of the D97
residues of oligomeric PR is more acidic (i.e.,, deprotonates at
lower pH) and exhibit a slightly more anticooperative
protonation than those of monomeric PR.

Examining cys-less PR solubilized in solutions of different
TX100 concentrations revealed the influence of TX100
surfactants on the protonation behaviors of D97. Cys-less PR
in solution with TX100-to-DDM molar ratios of 0:1 or 1:3
exhibited identical pK.

or 20:3, the pK

Apg7

values of 6.7, whereas at ratios of 5:3
only slightly increased to 6.8 and 7.0,

., values rose concom-
itantly with monomer PR content, as established by BN-PAGE
(Figure 3b), independent of the presence and concentration of
TX100. In other words, TX100 plays a minor role in mediating

pK,,,; rather, the TX100-to-DDM molar ratio that varies with

the sample preparation method tunes the PR monomer/
oligomer content that, in turn, tunes the pK, . Comple-

respectively (Figure 3f). These pK,
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mentary BN-PAGE and pK, = measurements of ES0Q PR

variants incubated in solutions with TX100 and DDM also
found increased pK, = values to correlate with greater
monomer content (Figure S8, SI). These results are further
corroborated by the near-identical D97 protonation behavior
of monomeric/dimeric cys-less PR in solutions containing 80
mM surfactant at TX100-to-DDM molar ratios of 0:1 and 1:3
(Figure 3¢, lanes 1 and 2), which exhibited pK,  values of 7.4
and 7.6, respectively, and Hill coefficients of 1.0 (Figure 3g).
The slightly (~0.2 pH unit) higher pK,  observed for
monomeric PR in 60 mM DDM and 20 mM TX100 can be
reconciled with the marginally lower oligomer content in this
solution than monomeric PR in 80 mM DDM. Thus, for cys-
less PR in solutions with TX100/DDM molar ratios up to ~6,
TX100 appears to exert relatively little influence over the pK,
or the Hill coeflicient of D97 compared to oligomerization.
Comparisons of the oligomer-destabilizing ES0Q variant and
cys-less PR in similar surfactant environments revealed
additional information about how surfactants and oligomeriza-
tion mediate D97 protonation. As shown in Figure 3h, ESOQ
PR in micellar DDM and TX100 solutions showed similar
pK.,., values of 7.4 and 7.5, respectively, whereas ES0Q PR

solubilized in Brij-35 solutions exhibited a lower pK, _ of 6.8
and a Hill coefficient of ~0.75. By comparison, cys-less PR in
micellar DDM, TX100, and Brij-35 solutions has pK, _ values
of 69, 6.8, and 6.6, respectively (Figure S11, SI), ie,
consistently lower pK, = compared to ES0Q PR in the
respective surfactant environment. Hence, these data correlate
the higher pK, = values with increased monomer content

found in ESOQ_ PR solutions in three separate surfactant
environments, clearly establishing oligomerization as a

D97

‘D97

‘D97

D97

predominant factor in tuning the pK, = of surfactant-
solubilized PR.
Quantitative Correlations of pK, and Monomer/

Dimer Content. A quantitative correlation of the pK

Apg7

D97

D97

values

and BN-PAGE signals provides more direct insight into the
relationships between oligomerization, surfactant environ-
ments, and the protonation behaviors of D97. Based on the
work by Ran et al,’” we hypothesized that the presence or
absence of a W34—H?75 interprotein hydrogen bond accounts
for the distinct D97 protonation behaviors of monomeric
(pKaDg7 ~ 7.5, Hill coeff. ~ 1.0) and oligomeric (pK211397 ~ 6.9,
Hill coeff. < 0.8) PR. In this case, we assumed that PR trimers
or oligomers of higher order could support W34—H7S
hydrogen bonding among each PR subunit and consequently
yield lower (~6.8) pK,
and one of the protein subunits of dimeric PR would not
support such interprotein W34—H7S hydrogen bonds and, as a
consequence, would exhibit higher pK, ~values (~7.5). To

o7 values; in contrast, monomeric PR

test this, we correlated the sum of the monomer and 1/2 of the
dimer contents, as estimated from the integrated peak areas of
the associated BN-PAGE bands, with the pK, ~ values of all

cys-less and ES0Q_ PR samples examined in this study. The
resulting correlation (Figure 4) includes data from 40 different
cys-less and ES0Q PR samples solubilized in micellar
surfactant solutions, constituted of DDM (Figure 4, blue),
TX100 (Figure 4, red), or Brij-3S (Figure 4, orange), either
exclusively or in mixtures with DDM. A best-fit linear line
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9

Monomer+1/2 dimer BN-PA

pKapg;

Figure 4. Correlation of pK, _ values and integrated monomer/dimer

band intensities from BN-PAGE analyses for WT or ES0Q_PR in
micellar solutions that contained exclusively DDM (blue), TX100
(orange), or Brij-35 (red) surfactants either exclusively or in mixtures
with DDM. Monomer/dimer contents were estimated as the sum of
the integrated BN-PAGE band intensities associated with the
monomers and one-half that of dimers, normalized to the total
integrated intensity in the same lane. The dashed blue line is a best fit
line to all the data points in this figure that has a Pearson correlation
coefficient of 0.87, reflecting a strong correlation of monomer/dimer

values.
D97

content with pK,

(Figure 4, blue dashed) to every data point in Figure 4 yielded
a Pearson’s correlation coefficient of +0.87 that establishes a
strong correlation of pK,,,, with monomer/dimer content.

Moreover, the data range along the abscissa, which character-
izes the effects of oligomerization, is 1.1 pH unit (from 6.6 to
7.7), whereas the average deviation along the ordinate, where
surfactant effects manifest, is relatively lower at 0.15 from the
best-fit line. This quantitatively supports that oligomerization
of surfactant-solubilized PR plays a more significant role in

adjusting pK, ~ values than the surfactant environment.

Interestingly, the Hill coeflicient correlated poorly with
monomer/dimer contents (see Figure S12), indicating that
the cooperativity of D97 protonation is not or insignificantly
influenced by oligomerization alone.

The pK, dependencies reported here generally agree with
the literature on green-absorbing PR in micellar solutions,
which typically range from 6.9 to 8.2,”**** though higher
values were observed when certain anions are present.*’
Although few studies explored the effects of different

surfactants on the pK, ~of PR, Maciejko et al.”® reported
pK,,,, values of ~6.8 for pentameric PR in DDM and ~8.0 for

monomeric PR in octylglucoside surfactants, which are
consistent with the results presented here. The same study,
however, also reported a pK, ~ value of ~6.8 for monomeric

PR in micellar TX100 surfactant solutions, which is much
lower than would be expected, should oligomerization
predominantly adjust the pK, _ of PR. A possible explanation

D97
for this apparent inconsistency could be the method these
researchers used to prepare PR in TX100 environments;
namely, TX100-solubilized PR was purified by directly
extracting PR in E. coli membranes using TX100, rather than
extracting in DDM and then exchanging into TX100, as
conducted in this study. Should the extraction of membrane-
embedded PR by TX100 proceed inefficiently or incompletely,
the local environment of TX100-solubilized PR could also
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include lipid molecules, which could influence the pK, .

Indeed, lipid composition influences the pK, _ of photoactive

D97
PR monomers in phospholipid nanodiscs."” Moreover, our
laboratories have also observed that PR in lipid environments

generally has low (<7.0) pK, _ values, independent of the

oligomeric state (manuscript in preparation). Thus, the
presence of lipids could account for the uncharacteristically
low pK, = values for TX100-solubilized PR monomers
observed by Maciejko et al.”> Given this factor and the general
agreement of our results with Maciejko et al,, it appears likely

that the pK, ~for PR in micellar TX100 solutions would

D97
concur with our data and analyses, if similar sample
preparation protocols were used.

Effect of Oligomerization on PR Photocycle Kinetics.
Motivated by the distinct dependence of the protonation
behaviors of D97 on oligomerization, we interrogated how
oligomerization influences the proton-pumping kinetics of PR
by probing the light-activated responses of monomeric and
oligomeric PR in micellar DDM solutions. Following
absorption of green light, PR undergoes a cyclic sequence of
small- and large-scale motions that result in the net transport of
protons from the cytoplasmic to the extracellular side of PR at
a turnover rate of approximately ~20 ms.”> Several of these
motions perturb the local environment of the retinal
chromophore and alter its absorbance, enabling the proton-
pumping kinetics to be analyzed by transient optical
absorbance spectroscopy. Predominantly monomeric PR in
an alkaline micellar DDM solution, the same sample analyzed
in Figure 3a (lane 2), upon activation by a green (532 nm)
laser pulse (~10 ns) showed complex light absorption
behaviors. These are presented in Figure Sa, solid lines, as
difference absorbances, i.e., the differences in the absorbance
intensity of PR at some time after light activation from that in
the nonactivated state, detected prior to light activation.
Importantly, even though the transient absorbance responses
of pentameric/hexameric PR in 8 mM DDM (Figure Sa,
dashed lines), the same sample analyzed in Figure 3a (lane 1),
appeared qualitatively similar to those of the monomeric PR,
they occur over dramatically different time scales that reflect
key functional differences between them that are attributable to
oligomerization.

Qualitative insights into the different light-activated kinetic
behaviors of PR monomers and oligomers can be obtained by
interpreting the absorbance responses in terms of the
photochemical reaction cycle model developed by Varo et al.
for PR.* This cyclic sequential reaction model, depicted in
Figure Sb, includes five intermediates (K, M;, M,, N, and PR’)
with distinct absorption signatures and lifetimes®® that enable
the transient difference absorbances to be associated with the
intermediate populations. For difference absorbance data from
monomeric PR in Figure Sa (solid lines), a positive intensity
arose at 590 nm at early times (~10 us) after light activation,
which can be attributed to the presence of the K intermediate
species that absorb maximally at ~555 nm. The subsequent
decay of this intensity occurred concurrently with a rise in
absorbance at ~410 nm, which can be attributed exclusively to
the M intermediates, signifying a conversion of the K to M,
intermediate. At times >60 us, the absorbance at 410 nm also
decayed, whereas the 590 nm absorbance increased, reflecting
a rising population of PR molecules in the N intermediate
configuration. All intensities decayed to zero by ~300 ms, as
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Figure S. (a) Transient visible absorbance data collected from the
same samples that were analyzed in Figure 3a that contain mostly
(solid lines) monomeric and (dotted lines) pentameric/hexameric in
alkaline (pH 8.5) DDM solutions at ~20 °C. Transient absorbance
data were also collected at 500, 570, and 630 nm from these same
samples, which are shown in Figure S8. (b) Schematic diagram of the
photochemical reaction cycle of proteorhodopsin under basic
conditions, which includes K, M;, M,, N, and PR’ intermediates.*®

the N and PR’ intermediates converted back to the
nonactivated PR state.

Distinctions among the difference absorbance signals at 410
and 590 nm, associated with the respective M and K/N
intermediates, revealed important photocycle kinetics that are
altered by oligomerization. Specifically, the maximum intensity
of the 410 nm difference absorbance occurred at a much
shorter time (~40 ys) for the predominantly monomeric PR
sample, which was prepared using SEC, compared to
pentameric/hexameric PR (~800 us) (Figure Sa, purple
solid and dashed lines). Moreover, the ratio of the 410 nm
to 590 nm difference absorbance intensities was generally
much greater for the pentameric/hexameric PR than for the
monomeric PR population. These observations establish that
M, and/or M, intermediates of pentameric/hexameric PR
accumulate at later times and in greater quantities, versus in
monomeric PR. For bacteriorhodopsin (BR), monomers
accumulate more rapidlz in the M intermediate state as
compared to oligomers,”*” similar to the photocycle kinetic
properties found for PR monomers compared to oligomers.
This trend is possibly due to greater flexibility in the secondary
structure of BR and PR monomers relative to their oligomeric
counterparts that could be constrained by close interactions
and proximities of neighboring protomers. Greater flexibility in
the secondary and tertiary protein structures could facilitate
structural changes that are associated with transitions between
photocycle intermediates, which occur for PR and BR.>*** The
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difference absorbance at 590 nm also passed through a
maximum value at significantly delayed times for pentameric/
hexameric PR (~8 ms) versus monomeric PR (2—3 ms)
(Figure Sa, orange solid and dashed lines), revealing that PR
oligomers accumulate in the N intermediate configuration at
later times.

A global fitting analysis, as used previously by Dioumaev et
al,** of the transient difference absorbance data in Figure 5a
provided a more quantitative comparison of the photochemical
reaction kinetics for PR monomers and PR oligomers. Such an
analysis fits the difference absorbance intensities at each
wavelength with a sum of monoexponential decays, with
wavelength-dependent pre-exponential factors and mutual
(wavelength-independent) exponential time constants. Global
fit analyses were performed on difference absorbance data
collected from predominantly monomeric (same sample
analyzed in Figure 3a, lane 1) or oligomeric (same sample
analyzed in Figure 3b, lane 2) cys-less PR at seven different
wavelengths, the four wavelengths shown in Figure Sa along
with those at 470, 550, and 630 nm. Plots of the transient
difference absorbances at all seven wavelengths for each sample
are shown in Figure S8. Global fit analyses were performed
with three to six exponential terms; the sum of squared
residuals for each fit decreased significantly up to the use of five
kinetic exponential terms, above which little improvement was
observed (Figure S13). Therefore, we compare global fits
obtained using five exponential terms for both monomeric and
oligomeric PR (Figure S14, SI). The five time constants from
the five-exponential global fit are shown in Table 1 and reflect
the apparent time scales for interconversions among two or
more intermediates. Using as a guide the analyses by Varo et al.
for PR in E. coli lipids,*® the 7, constant largely characterizes
the decay of the K and rise of the M intermediates, whereas 7,
and 75 are associated with a decrease in the populations of M
and rise in N intermediates, as well as the equilibria among the
M, and N intermediates, as shown schematically in Figure Sb.
The time constants 7, and 75 reflect the interconversions
among the N and PR’ intermediates and the nonactivated PR
state, respectively. Our analysis found that the time constants
7,—7, are 2—3 times shorter for monomeric compared to
pentameric/hexameric PR, indicating that the early steps of the
photocycle are 2—3 times faster for PR monomers. Transient
difference absorbance measurements recorded from oligomeric
PR in solutions at different DDM concentrations (Figure S9)
showed nearly identical absorbance behaviors, suggesting little
to no influence of DDM concentrations on the PR photocycle.
These analyses underscore the substantial dependence of the
photocycle kinetics of PR on oligomerization.

Photocycle Kinetics of PR on Different Surfactants.
The characteristic photocycle kinetics of monomeric and
oligomeric cys-less PR in DDM surfactants provides us with an
experimental handle to analyze the influence of surfactant

Table 1. Apparent Time Constants for the Photochemical
Reaction Cycle of Monomeric or Oligomeric
Proteorhodopsin in Micellar DDM Solutions®

7y (us) 7, (us) 73 (ms) 7, (ms) 75 (ms)
monomer (49 mM DDM) 13 130 1.6 52 89
oligomer (8 mM DDM) 47 380 3.9 14 103

“The time-constant values were obtained from global fitting analyses
of the time-resolved UV—visible absorbance data in Figure Sa.

4188

environments on the photocycle kinetics of PR, here illustrated
for ESOQ_PR in DDM, Brij-35, TX100, and Zonyl surfactant
environments. For example, for primarily monomeric ESOQ
PR in DDM, the 410 and 590 nm difference absorbances
(Figure 6a) exhibited maxima at ~4 X 107 and 2 X 107% s,
respectively, which align precisely with those of monomeric
cys-less PR in 49 mM DDM (Figure Sa). By comparison, the
difference absorbances at 410 and 590 nm of ES0Q_ PR in Brij-
35 (Figure 6b), which has lower monomer content, exhibited
maxima at significantly later times (~2 X 10™* and ~1 X 107
s, respectively), which closely agree with those of pentameric/
hexameric cys-less PR in DDM (~6 X 107 and ~8 X 107 s
Figure Sa). Thus, the effect of oligomerization alone can
reconcile the absorbance behaviors of ES0Q PR in both
micellar DDM and Brij-3S solutions, further establishing that
DDM and Brij-35 surfactant environments do not distinctly
influence PR function. Corroborating this conclusion are the
light-activated transient absorbances (Figure S9, SI) of cys-less
PR incubated in DDM or DDM/Brij-35 mixtures, which again
correlate longer photocycle time scales with greater oligomer
contents. Oligomerization can also explain some of the
absorbance behaviors of ES0Q PR in TX100 and Zonyl
FSN-100 surfactant environments. In particular, the 410 nm
difference absorbance passes through a maximum at early
times (4 X 107> s) for highly monomeric ES0Q in a TX100
solution (Figure 6¢) and at later times (1 X 107> s) for ES0Q
in a Zonyl surfactant solution (Figure 6d), consistent with the
latter being predominantly oligomeric PR, as would be
anticipated based on its low pK, —value (~6.6). Overall,

these analyses demonstrate oligomerization to be a general
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Figure 6. Transient visible absorbance differences of surfactant-
solubilized ESOQ PR exchanged from DDM into (a) DDM, (b) Brij-
35, and (c) TX100 surfactants. The ESOQ PR samples exchanged into
DDM and TX100 surfactants showed a distribution of monomers and
dimers, whereas ESOQ PR in Brij-35 surfactants was primarily
oligomeric. Measurements were conducted at pH ~8.5.
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means to modify PR function among DDM, Brij-35, TX100,
and Zonyl surfactant environments.

However, ESOQ PR in TX100 and Zonyl micellar solutions
also exhibits subtle absorbance characteristics that cannot be
solely explained by oligomerization. For example, for ESOQ PR
in TX100, the difference absorbance at 410 nm, which is
associated with the M intermediates, yielded a local maximum
at ~7 X 107 s, which is a greater delay than observed for any
monomeric or oligomeric PR solution studied here. Thus, this
feature is attributed to the TX100 surfactant environment that
appears to promote the slower accumulation of M
intermediates. Separately, for ESOQ PR in Zonyl surfactants
(Figure 6d), the 410 nm difference absorbance also exhibited a
maximum at relatively late times (~9 X 107* s) which is
characteristic of oligomeric cys-less PR in DDM; however, the
590 nm difference absorbance reaches a maximum at ~3 X
107 s, as observed for monomeric cys-less PR in DDM
(Figure Sa). Therefore, ESOQ PR in Zonyl surfactant
environments exhibits characteristics associated with both
monomeric and oligomeric PR, indicating that the Zonyl
surfactants influence PR function. These analyses clearly
establish that surfactant environment can modify PR function,
as reflected in the alteration of the photocycle kinetics.

The photocycle and BN-PAGE analyses were used together
to correlate subtle changes in the photocycle kinetics of PR
with different surfactant species in micellar solutions. With
reference to the photocycle kinetics of DDM-solubilized PR,
Brij-3$ surfactant environments exerted little influence over the
PR photocycle, whereas both TX100 and Zonyl surfactants
imparted minor and distinct effects on the photocycle kinetics.
These trends in photocycle behavior correlate with the
structure of the surfactant tail: both DDM and Brij-35 have
identical dodecylalkyl tails, whereas TX100 and Zonyl
surfactants have dramatically different alkyl-phenyl and linear
fluorinated alkyl tails, respectively. By comparison, DDM and
Brij-35 have distinct maltoside and ethylene oxide head groups,
respectively, but do not promote different photocycle
behaviors, suggesting a lesser role of the hydrophilic surfactant
head groups in mediating PR function. This is borne out by the
distinct effects of Zonyl and TX100 surfactants on the PR
photocycle, despite the similar ethylene oxide head groups of
these surfactants. Therefore, surfactant effects observed here
appear to originate from the surfactant tail moieties, rather
than the head groups.

The results also reveal clear trends of PR function with
oligomerization and surfactant environment in micellar
surfactant solutions, which motivate the study of PR function
in more native lipid environments. Although micellar
surfactant environments support the native-like structure and
function of PR, such environments are distinct from native
lipid bilayers of marine bacteria in which PR naturally resides.
This begs the question whether the functional trends with
oligomerization and surfactant environment observed here for
PR in micellar surfactant environments translate to PR in
different lipid environments. The two measures of PR function

s value associated with the

examined here were the pK,
important D97 aspartic acid residue, which reflects the pH-
dependent equilibria of the alkaline and acidic states of PR, and
the light-activated photocycle kinetics, which is associated with
nonequilibrium conformational motions and protonation/
deprotonations that mediate proton transport. Ongoing

(unpublished) studies of PR reconstituted in liposomes show
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that the differences in light-activated photocycle kinetics
observed for surfactant-solubilized PR monomers and
oligomers hold in the lipid environment but that the pK,
value is dictated by the lipid environment.>® The structural and
mechanistic basis of function tuning by oligomerization and
the environment of PR remains an important issue. This study
establishes that PR oligomerization influences PR function in
surfactant environments, which is expected to motivate future
studies, especially as functional tuning by oligomerization is
likely not a unique property of PR.

Although this study focused on PR, it is interesting to
consider whether oligomerization tunes the functionalities of
other transmembrane proteins, which would reflect the general
physiological importance of membrane protein oligomeriza-
tion. There are several studies on the functional effects of other
oligomer-forming light-activated transmembrane proteins, such
as bacteriorhodopsin (BR) and rhodopsin (Rho). Under
specific conditions, both BR and Rho can organize as either
monomers or oligomers.'”*¥*”>"> Interestingly, the effect of
oligomerization on BR and Rho function varies. For BR,
monomers and oligomers exhibit similar proton-pumping rates
and photocycle kinetics at early picosecond time scales; ">
yet, the photocycle kinetics of BR at later times is markedly
different, with monomeric BR accumulating in the “M”
intermediate state more rapidly than oligomers.***’ These
behaviors mirror our observations that PR monomers
accumulate more rapidly in the M state than oligomeric PR,
potentially reflecting a homologous mechanism by which
oligomerization tunes PR and BR function. Interestingly,
however, Rho monomers and oligomers show nearly identical
photocycle kinetics,'” so oligomerization does not appear to be
a universal mechanism to modify seven-helical transmembrane
protein function.

Although only a limited number of studies interrogate the
role of surfactants in BR function, their observations are mostly
consistent with those of our studies of PR. The functional
behaviors of BR monomers are comparable in different
nonionic surfactants, such as Triton X-100 and octylglucoside
surfactants,”” whereas ionic surfactants clearly influence the
photocycle kinetics of oligomeric BR, in particular the
deprotonation/reprotonation rates of the Schiff base.”> We
also observed that nonionic DDM and Brij-35 promoted
similar photocycle behaviors for PR, yet TX100 and Zonyl
surfactants modulated the photocycle kinetics of PR, albeit
much more subtly versus the effects of oligomerization.
Differences in the effects of TX100 on PR and BR function
are especially interesting, considering that TX100 promotes
monomer formation for both proteins. As TX100 appeared to
delay the formation of the M intermediate in PR but not in BR,
we speculate that TX100 interacts more strongly with PR than
with BR and thus constrains the conformational changes
required for PR to undergo the photochemical reaction cycle.
In other words, oligomerization is a dominant, but not the
exclusive, modulator of PR function.

B CONCLUSIONS

The influences of oligomerization and local surfactant
environments on the functionality of the transmembrane
protein proteorhodopsin (PR) solubilized in micellar surfac-
tant solutions have been studied. The combined use of
solution-state 'H NMR and blue-native PAGE techniques
enabled the systematic correlation of surfactant compositions,
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PR oligomerization behaviors, and PR function, as measured
by the protonation behaviors of the D97 residue and
photocycle kinetics associated with proton transport. The
pK, for the aspartic acid residue D97 (pK, ) was uniformly

apg7

higher for monomeric PR (pK, 7.5—7.7) than for oligomeric
PR (pK,  ~ 6.6—6.9), regardless of the concentration and

type of solubilizing surfactant, which in this study included
DDM, TX100, and Brij-35. Under alkaline conditions (pH ~
8.5), the photocycle kinetics at early times was 2—3 times
faster for PR monomers, compared to oligomeric PR in DDM-
containing micellar solution. Detailed analyses of cys-less PR
and the monomer-forming ESOQ_variant corroborated that
these differences persisted in different DDM, Brij-35, TX100,
and Zonyl surfactant environments, demonstrating oligomeri-
zation to be a dominant mechanism by which surfactant-
constituted PR adjusts function. Still, in few cases, the light-
activated kinetics of PR was subtly modified by the surfactant
environment, which correlated with the molecular structure of
the surfactant tail. However, whether and how oligomerization
of lipid-constituted PR adjusts protein function is an open
question. Although the analyses here focused on PR, these
findings are expected to apply more broadly to other
transmembrane protein oligomers that have important
physiological or therapeutic roles.
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