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ABSTRACT: Despite substantial advances, the study of proteins interacting Membrane-interacting Membrane-mimicking
with membranes remains a significant challenge. While integral membrane prosin revers(e ricelle
proteins have been a major focus of recent efforts, peripheral membrane ~ W )

proteins (PMPs) and their interactions with membranes and lipids have far less w\} m
high-resolution information available. Their small size and the dynamic nature @

of their interactions have stalled detailed interfacial study using structural

methods like cryo-EM and X-ray crystallography. A major roadblock for the ¥ ¥

structural analysis of PMP interactions is limitations in membrane models to & DLS =[psacs: ..
study the membrane recruited state. Commonly used membrane mimics such é g NG
as liposomes, bicelles, nanodiscs, and micelles are either very large or composed 3 z ,':i Sl
of non-biological detergents, limiting their utility for the NMR study of PMPs. = -
D (nm) 'H (ppm) q (A

While there have been previous successes with integral and peripheral
membrane proteins, currently employed reverse micelle (RM) compositions
are optimized for their inertness with proteins rather than their ability to mimic membranes. Applying more native, membrane-like
lipids and surfactants promises to be a valuable advancement for the study of interfacial interactions between proteins and
membranes. Here, we describe the development of phosphocholine-based RM systems that mimic biological membranes and are
compatible with high-resolution protein NMR. We demonstrate new formulations that are able to encapsulate the model soluble
protein, ubiquitin, with minimal perturbations of the protein structure. Furthermore, one formula, DLPC:DPC, allowed the
encapsulation of the PMPs glutathione peroxidase 4 (GPx4) and phosphatidylethanolamine-binding protein 1 (PEBP1) and enabled
the embedment of these proteins, matching the expected interactions with biological membranes. Dynamic light scattering and
small-angle X-ray scattering characterization of the RMs reveals small, approximately spherical, and non-aggregated particles, a
prerequisite for protein NMR and other avenues of study. The formulations presented here represent a new tool for the study of
elusive PMP interactions and other membrane interfacial investigations.

B INTRODUCTION membranes using NMR.” Despite the benefits of studying
protein—membrane interactions using these tools, some major
drawbacks remain. Some detergent assemblies, namely, bicelles
and nanodiscs, are relatively large, making their use in protein
NMR cumbersome and somewhat limited.® Micelles, while
smaller, are constructed from highly artificial detergents, which

Membranes and their associated proteins serve as the
gatekeepers to cells. Though fundamental to cellular function,
interactions at the membrane interface have lagged in high-
resolution experimentation, leaving broad blind spots in our

understanding." While the advancement of cryo-EM has
& B can have a profound effect on the protein structure and

proven to be a revolution in understanding membrane protein bility Limiti hei bl th )
structures, these views are generally static and do not reflect sta 11ty,9 imiting  their compatibility with many protein

,10 . 1
dynamic or equilibria processes.” Additionally, a highly diverse sy.ste.ms. . Reverse micelles (RMS) .have been .utlhzed to
and important class of membrane proteins, peripheral mimic biological membranes in a variety of studies and are

. N : . . 11
membrane proteins (PMPs), are often too small to study compatible with high-resolution protein study using NMR.
using cryo-EM methods.> PMPs are generally water-soluble, RMs are composed of a small, nanoscale pool of water encased

globular proteins that attach to cellular membrane surfaces to

perform their function.”® The soluble state of PMPs is often Received: November 17, 2021
easily studied using X-ray crystallography, but the character- Revised:  January 25, 2022
ization of membrane embedment and engagement with lipid Published: March 17, 2022

substrates is generally inaccessible.” Detergent-based micelles,
bicelles, and nanodiscs are established membrane models that
have allowed high-resolution study of protein interactions with
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in a shell of surfactants, with the polar headgroups forming an
interface with water and the apolar tails pointing outward
toward a hydrophobic solvent. The amphipathic composition
of RMs can allow interfacial studies of membrane-interacting
proteins. Using a low-viscosity solvent allows for high-
resolution NMR studies of proteins that are large by NMR
standards.""'> While potentially promising, current RM
formulations have been developed with primarily water-
solubilized proteins in mind. Further enhancement is needed
to fully utilize RMs as membrane mimics.

RMs have proven to be incredibly useful as membrane
mimics for interfacial studies. Observations of the behavior of
water and small molecules using a variety of methods have
revealed physical and chemical properties of interfacial
regions.”~"” The water core of RMs serves as a host for
soluble proteins, enabling functional, structural, and enzymatic
investig_;ations.lg_21 In combination with NMR methods, RM
encapsulation has greatly enhanced many avenues of study.
Originally developed to extend the protein NMR size limit,
low-viscosity, nonpolar solvents used for protein RM
encapsulation effectively prevent the s})ectral quality loss
typically seen with very large proteins.'> Encapsulation of
proteins within the small, nanoscale RM water pool can
stabilize proteins and force unfolded proteins into folded,
compact conformations.””*’ Extreme ionic strengths and high
small molecule concentrations are detrimental to the spectral
quality in protein NMR, but the small relative volume of the
water phase within RMs eliminates this effect.”* > RM
encapsulation has solved long-standing problems in protein
studies such as measuring the atomic resolution of protein
hydration dynamics and extending the detection limit in
inhibitor fragment screening.”””® The utility of an RM
formulation for use in encapsulation is determined by its
ability to retain the native state of the protein. Surfactants used
for protein encapsulation need to be carefully considered and
tested for their ability to retain the structural fidelity of the
protein."*” Currently, several protein-compatible RM for-
mulations exist and are able to encapsulate a large range of
proteins for study. However, current RM formulations that
have been developed for high-resolution protein study diverge
significantly from the chemical composition of cellular
membranes. The two common currently employed RM
formulations for protein encapsulation, cetyltrimethylammo-
nium bromide (CTAB) and the binary mixture of 1-decanoyl-
rac-glycerol with lauryldimethylamine-N-oxide (10MAG:L-
DAO), do not mimic lipids found in cellular membranes.
The amphipathic nature of the surfactant shell of these RM
systems has been leveraged to embed some membrane integral
or membrane-associated proteins for NMR study.”””**
However, the trimethylamine CTAB headgroup, the glycerol
10MAG headgroup, and the dimethylamine oxide LDAO
headgroup do not resemble headgroups found in natural lipids
within biological membranes.”> Though commonly used,
dioctyl sulfosuccinate sodium salt (AOT) has proven to be
denaturing to most proteins, limitin$ its use in protein
encapsulation and interfacial studies.'’ This highlights the
necessity of using a method that reports on the fold of the
protein, such as NMR, to develop and optimize novel protein-
compatible RM systems. Using surfactants that mimic the
lipids found in natural membranes promises to expand the
utility of RMs for protein interfacial investigations.

Here, we describe the development of RM surfactant
formulations that are based on the phosphocholine-rich
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chemistry of human cellular membranes.”* Inspired by
previous works that utilized cellular extracted phospholipids
(often referred to as lecithin), and other phosphocholine lipids
and surfactants to construct RMs,>> > we sought to discover
and validate novel, protein-compatible RM formulations using
surfactants with phosphocholine headgroups. Screening
revealed several surfactant mixtures that produced clear
“empty” RM solutions. Using a model water-soluble protein,
ubiquitin, we found three formulas capable of protein
encapsulation. Since our ultimate goal was to create a
membrane-mimicking RM system to study membrane
interfacial interactions, we utilized two PMPs to test the
ability of our formulations to mimic a phosphocholine
membrane surface: human glutathione peroxidase 4 (GPx4)
and human phosphatidylethanolamine-binding protein 1
(PEBP1). Among other functions, GPx4 is the only enzyme
that reduces lipid hydroperoxides, a vital role in protecting
cellular membranes from oxidative damage.*” The membrane-
binding interface of GPx4 has been recently measured
experimentally using micelles and isotropic bicelles.’ PEBP1,
also known as Raf-1 kinase inhibitory protein, plays an
important role in several physiological processes, includin§
neuronal development, spermatogenesis, and cardiac output.”*
PEBP1 is known to engage with membranes, with bulk
measurements and proposed models of the membrane
interaction previously reported.”~*° However, to our knowl-
edge, there are no direct, high-resolution measurements of
PEBP1 interactions with membranes. In the current study, we
identify an RM mixture that demonstrates compatibility with
GPx4 and PEBP]I, a combination of 1,2-dilinoleoyl-sn-glycero-
3-phosphocholine (DLPC) and n-dodecylphosphocholine
(DPC), with hexanol acting as a co-surfactant. Using the
DLPC:DPC binary mixture, the experimentally mapped
membrane interface of GPx4 matches the binding mode
previously characterized using other membrane models,
confirming its usefulness as a membrane mimic. Additionally,
the footprint of the interaction between the RM surface and
PEBP1 was mapped, which represents the first measurement of
this particular interaction that closely matches the predicted
interface. Dynamic light scattering (DLS) and small-angle X-
ray scattering (SAXS) revealed small, homogeneous, and
approximately spherical DLPC:DPC RMs, which become
larger with the increase in water content, which are key
properties for optimized RM systems. DLPC:DPC RMs prove
to be a robust system for protein encapsulation and are unique
in their resemblance to biological membranes in comparison to
other protein-compatible RM surfactants. The optimal
formulation presented here proves to form RMs, is suitable
for soluble protein study with high structural fidelity, provides
long-term sample stability, and represents a novel tool for
membrane interfacial and protein—membrane interaction
studies.

B EXPERIMENTAL SECTION

Surfactant Screening for RM Formation. All surfactant
mixtures were initially constructed as putative “empty”, or without
protein, RMs using 75 or 150 mM total surfactant (Table S1). The
following surfactants and mixtures were screened: DLPC, 1,-2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), n-hexadecylphospho-
choline (HPC), DLPC:HPC, 1,2-dihexanoyl-sn-glycero-3-phospho-
choline (DHPC):HPC, DHPC:DPC, DLPC:1-palmitoyl-2-hydroxy-
sn-glycero-3-phosphocholine (Lyso-PC), and DLPC:DPC. All
surfactants were purchased from Avanti Polar Lipids (Birmingham,
AL). All surfactant mixtures were tested with n-hexane (Thermo

https://doi.org/10.1021/acs.langmuir.1c03085
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Fisher Scientific, Waltham, MA) as the solvent and water loading
(W,) values of 10, 15, 20, and 25, defined as

[water]

0 _—
[surfactant]

The buffer used for empty RM screening was GPx4 NMR buffer
(20 mM bis—Tris pH 6.0, 100 mM NaCl, and 20 mM DTT).
Bromophenol blue was added to the buffer for ease of visualization of
solution clarity. Surfactants were vacuum-dried overnight to eliminate
residual water. The appropriate mass of surfactants was weighed into
glass vials with n-hexane, and 200 mM hexanol (Sigma-Aldrich, St.
Louis, MO) was added prior to the buffer to facilitate proper mixing
(Figure Sla). Generally, hexanol was titrated in steps of 100 mM,
samples were vortexed and sonicated in a water bath, and the clarity
was assessed to construct hexanol phase diagrams.

Dynamic Light Scattering. Surfactant systems that displayed
transparency from the initial screens were measured using DLS to
confirm the formation of RMs and to assess dispersity. All mixtures
were tested with 75 mM total surfactant, a W, of 20 (20 mM bis—Tris
pH 6.0, 100 mM NaCl, and 20 mM DTT), and a hexanol
concentration of either 1.2 M (DLPC:DPC, DOPC, DLPC, and
DLPC:HPC) or 1.8 M (DHPC:DPC, DHPC:HPC, HPC, and
DLPC:Lyso-PC). Experiments were performed using a Malvern
Zetasizer Nano-S instrument. Published viscosity and dielectric
constant parameters were used for hexane as a binary mixture of
either 1.2 or 1.8 M hexanol.*”** For the 1.2 M hexanol:hexane
mixture, the viscosity used was 0.364 mPa-s and the dielectric
constant used was 2.14, while for 1.8 M hexanol:hexane, the viscosity
used was 0.408 mPa-s and the dielectric constant used was 2.34. The
refractive index was set to 1.38 for both conditions. The RM samples
were loaded into a quartz cuvette and kept at a constant temperature
of 25 °C. Each sample was scanned 12—1S times to create one
measurement, and each measurement was repeated in triplicate to
generate an average and error of the size measurement. In addition to
the surfactant trials, increased NaCl concentration and encapsulated
ubiquitin and GPx4 were tested in our ultimate formula, 75 mM
DLPC:DPC, at a molar percentage ratio of 50:50. NaCl (500 mM)
was used to confirm the validity of our SAXS experiments, and the
protein encapsulated trials were used to confirm that the size of the
RM remained generally unchanged when protein was introduced. For
these additional trials, the W, remained the same at 20 and the
hexanol concentration was 1.2 M.

Protein Production. Proteins were isotopically labeled using
NH,Cl for NMR investigations, and '*C-glucose was used for
labeling for PEBP1 assignment experiments. Isotopes were purchased
from Sigma-Aldrich (St. Louis, MO). All proteins were grown in E.
coli, induced with isopropyl--p-1-thiogalactopyranoside (IPTG),
lysed, and purified using either Ni-NTA affinity chromatography
(GPx4, His-tagged ubiquitin, and PEBP1) or cation exchange
chromatography (untagged ubiquitin). N-terminal poly-histidine-
tags of GPx4 and PEBPI were cleaved for the final NMR analysis.
Final protein concentrations were quantified using a Bradford assay.
Detailed protein preparation protocols are provided in the Supporting
Information.

Protein Encapsulation in RMs. Surfactant mixtures that
produced clear solutions during the initial screen and formed RMs
from the DLS measurements (DLPC, DOPC, DLPC:HPC,
DHPC:HPC, DHPC:DPC, HPC, DLPC:Lyso-PC, and DLPC:DPC)
were used to encapsulate ubiquitin. RM formulations containing
encapsulated ubiquitin were assessed by NMR spectral quality and
minimal spectral shift compared to ubiquitin in aqueous conditions.
Initial RM conditions were optimized by adjusting W, and hexanol
concentration as well as the molar ratio of surfactants for the binary
mixtures. The most promising ubiquitin-compatible RM formulations
(DLPC, DLPC:DPC, and DLPC:HPC) were tested for ability to
encapsulate GPx4. For RM formulations that encapsulated GPx4
successfully (DLPC:DPC and DLPC:HPC), further optimizations
were performed such as W, hexanol concentration, and surfactant
ratios to determine conditions that result in the highest quality
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protein NMR spectrum. Initial encapsulations were performed using
150 mM total surfactant, but the surfactant was later adjusted to 75
mM due to higher spectral quality. To create the RMs for NMR
spectroscopy, labeled protein was concentrated to the desired volume
necessary for the target Wy. For ubiquitin and GPx4, the optimal W,
values were 15 and 20, respectively. Surfactants were vacuum-dried
overnight and stored in air-tight desiccator vessels to eliminate
residual water. The appropriate mass of the surfactant mixture was
weighed into a glass vial to achieve 75 mM total surfactant
concentration. The surfactants were initially solubilized in 500 uL
of pentane (Sigma-Aldrich, St. Louis, MO) and 200 mM hexanol.
Next, the protein solution was incorporated and alternatively vortexed
and mixed in a sonicating water bath. Hexanol was then added 200
mM at a time, and the solutions were vortexed and sonicated until
clarity was achieved, typically with >800 mM hexanol. DLPC:DPC
produced the highest quality "N-HSQC spectra of encapsulated
GPx4, which led us to pursue it further as our lead membrane-
mimicking surfactant system. PEBP1 was encapsulated into
DLPC:DPC with an optimal W, of 25. For GPx4 encapsulation in
CTAB (Sigma-Aldrich, St. Louis, MO) and 10MAG:LDAO (Avanti
Polar Lipids, Birmingham, AL) RM systems, 150 mM of the total
surfactant was used for both conditions with a molar percentage ratio
for I0MAG:LDAO of 60:40. The W, was 20 for both conditions, and
hexanol titrations were performed until sample clarity was achieved
(600 mM for the CTAB sample, 25 mM for the 10MAG:LDAO
sample).

Micelle Sample Preparation. DPC micelle samples were
assessed to compare the interfaces of GPx4 and PEBPI as well as
for stability assessments. Mass corresponding to 25 mM DPC for
GPx4 and S0 mM for PEBP1 was weighed out and added to an NMR
sample of either *N-GPx4 or *N-PEBP1 and 10% v/v of D,0O. The
sample was vortexed until the solution was clear, and NMR spectra
were collected. Spectra were collected every 24 h until severe sample
degradation was observed (~2 days).

NMR Spectroscopy. NMR samples were prepared with “N-
isotopically labeled protein with 10% v/v of d-pentane or D,O as the
lock solvent (Sigma-Aldrich, St. Louis, MO). All NMR spectra were
collected at 25 °C at 600 or 700 MHz on Bruker Avance III
instruments. NMR spectra of both aqueous and RM encapsulated
GPx4 were collected at pH 6.0, PEBP1 was collected at pH 7.5, and
ubiquitin was collected at pH values of 5.5, 6.0, 7.5, and 8.0. All NMR
spectra were processed using NMRPipe'’ and analyzed using
NMRFAM-Sparky.’® Chemical shifts for ubiquitin at pH 6.0
(BMRB 25972)°" and GPx4 (BMRB 50955)*" were assigned from
those previously published. Chemical shifts for PEBP1 were placed
from those previously published at pH 4.0 (BMRB 17382), with a pH
titration performed to place assignments at pH 7.5.°> A three-
dimensional HNCA was collected with '*C—'N-labeled PEBP1 to
confirm and complete assignments.”> Chemical shift perturbations
from '*N-HSQC spectra were calculated using the following formula

]2
where A'H and AN are the changes in 'H and "N chemical shifts.
Small-Angle X-ray Scattering. Samples were assembled with 75
mM total surfactant, at a molar percentage ratio of 50:50 DLPC:DPC
(37.5 mM of each surfactant), with W, values of 15, 20, and 25 in
hexane with 1.4 M hexanol. The buffer consisted of 20 mM bis—Tris
pH 6.0 and 10 mM DTT, with 500 mM NaBr included in the buffer
for enhanced contrast.”* RM samples were loaded into quartz
capillaries with 1.0 mm outer diameter and 0.01 mm wall thickness
(Hampton Research, Aliso Viejo, CA). Experiments were performed
with an Empyrean Multipurpose X-ray diffractometer with a copper
anode generator (Ka = 1.54 A), using a 0.02° divergence slit and
acquired at a resolution of 0.01° per step. A three-axis y—n—z stage
was used for sample placement, equipped with a custom stage to

accommodate capillaries. A sample containing only hexane was used
for solvent subtraction. Scattering data were circularly averaged to

ASN
9.8655

CSP = \/ (AH)* + [
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Figure 1. Two types of RM protein encapsulation and surfactants used in this study. (a) Diagram of encapsulation of an aqueous, water-soluble
protein within an RM. Surfactant headgroups are depicted in blue and red. (b) Diagram of a membrane-interacting protein encapsulated within a
RM and embedded into the surfactant surface. Peripheral membrane proteins are expected to interact with phosphocholine headgroups of a
surfactant shell, while fully aqueous proteins are not expected to interact with the shell. (c) Structures of DLPC and DPC, the optimal surfactant
mixture found in this study. (d) Structures of other surfactants trialed during this study that were found to form RMs but were less optimal for
protein encapsulation or/and PMP embedment.

generate the one-dimensional scattering profile, which was evaluated values between 15 and 20, with solutions displaying clarity only
using the Guinier analysis.”* at or above 1.8 M hexanol. We exchanged HPC for the shorter

chain variant, DPC, and once again observed the formation of
B RESULTS AND DISCUSSION transparent RM solutions but with significantly lower hexanol

concentrations (Figure S1b). The DLPC:DPC binary mixture
was also tested at molar percentage ratios of 70:30, 60:40,
50:50, 40:60, and 30:70, which were all able to form clear, RM
solutions. We attempted several other binary systems,
specifically DHPC:HPC, DHPC:DPC, and DLPC:Lyso-PC,
as well as HPC on its own, in an effort to expand the
formulations that would be successful for protein encapsulation
(Table S1). All conditions resulting in transparent solutions

Screening for Membrane-like RM Formulations. The
overall goal of this investigation was to find not only a new,
highly versatile RM surfactant system that would preserve the
native structure of proteins when encapsulated (Figure 1a) but
one that is also able to act as a surface model for membrane-
interacting proteins (Figure 1b). We began our screening for
optimized membrane-mimicking RM formulations with

various surfactants containing phosphocholine headgroups

(Figure 1c,d), which is the most abundant headgroup of were characterized using DLS and included the following
many eukaryotic membrane surfaces.”* We initially tested surfactant systems: DOPC, DLPC, DLPC:HPC, DLPC:DPC,

DLPC and DOPC, which are similar to cellular phosphocho- DHPC:HPC, DHPC:DPC, HPC, and DLPC-Lyso-PC (Table
S1). DLS results indicate that all tested formulations form
monodisperse RMs with average solvodynamic diameters
between ~5.4 and 8.8 nm (Figure S2).

Soluble Protein Encapsulation. To assess the compat-
ibility of our new formulations with proteins, we first tested

line lipids but contain shorter aliphatic tails, which is known to
improve protein NMR performance.”” We chose to focus on
RMs formed using short-chain linear alkanes (pentane or
hexane) as the solvent, which have a very low viscosity and
allow optimal tumbling for protein NMR.'> RMs are formed

with relatively small amounts of water, described by W,.*® Our ubiquitin encapsulation. Successful encapsulation of proteins
initial visual screening indicates that both DLPC and DOPC within the RM water core is reflected in transparent solutions
create transparent solutions in hexane, with W, = 20 and >800 and high-quality protein NMR spectra (*N-HSQCs), defined
mM hexanol as a co-surfactant, indicating that RMs are likely 11)5y well-resolved resonances and high signal-to-noise ratios.
forming. This system is reminiscent of CTAB, which utilizes N-HSQC spectra are highly sensitive to protein conforma-
hundreds of millimolar of hexanol as a co-surfactant and tions and interactions. In this study, relatively small changes in
contrasts AOT, which does not use hexanol, and 10MAG:L- resonance chemical shifts that are structurally localized indicate
DAO, which requires only a small concentration of hexanol."! an interaction with the RM."" A close correlation of resonances
Next, binary systems that incorporate both two-tailed and corresponding to non-interacting residues when comparing an
single-tailed surfactants, such as DLPC and HPC, were encapsulated protein and the same protein in aqueous
screened. DLPC:HPC at several different mixture percentages, conditions indicates that the overall protein structure is
specifically 70:30, 60:40, 50:50, 40:60, and 30:70, was able to native-like and the function is not altered within the RM. All
form transparent RM solutions. However, the hexanol RM-forming systems were tested for their ability to encapsulate
concentrations needed were substantial even for modest W, ubiquitin. The DLPC:DPC formulation displayed high-quality
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Figure 2. Aqueous protein encapsulation using DLPC:DPC. (a) *N-HSQC of ubiquitin at pH 5.5 encapsulated in 75 mM DLPC:DPC RMs at a
W, of 1S and 975 mM hexanol. (b) Comparison of chemical shifts between ubiquitin in aqueous sample conditions and encapsulated in
DLPC:DPC RMs. Comparison of both 'H and N for the aqueous and encapsulated ubiquitin indicates that the structure of ubiquitin is preserved

with minimal perturbation upon encapsulation.
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Figure 3. GPx4 has no significant interaction with current common protein-compatible RMs. (a) GPx4 was encapsulated in CTAB (150 mM
surfactant, W; of 20, and 600 mM hexanol) and (b) displayed slight shifting that likely indicates an interaction with the bromine counter-ions. (c)
GPx4 was successfully encapsulated in 10MAG:LDAO RMs (150 mM 60:40 molar percentage ratio, W, of 20, and 25 mM hexanol) and (d)
showed nearly no relevant shifting, highlighting the utility of this system for high-fidelity encapsulation of GPx4 in the water-soluble state.

'N-HSQCs with very well resolved resonances and the highest
signal-to-noise ratio at molar percentage ratios of 40:60, 50:50,
and 60:40, with 50:50 being optimal (Figure 2a). DLPC and
DLPC:HPC also encapsulated ubiquitin successfully (Figure
S3), while ubiquitin encapsulation trials using DOPC resulted
in very low-intensity ubiquitin signals. DHPC:HPC,
DHPC:DPC, HPC, and DLPC:Lyso-PC resulted in no
substantial protein signal in N-HSQC. Details of attempts
to optimize these RM systems are included in the Supporting
Information. Ultimately, the binary mixtures of single-tailed
and two-tailed surfactants of DLPC:HPC and DLPC:DPC
resulted in the highest quality spectra of ubiquitin.

One unique application of RMs combined with protein
NMR is the ability to capture the dynamics of water on protein
surfaces. A key property that enables hydration dynamics
measurements is that the exchange of backbone amide
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hydrogens is slowed upon RM encapsulation.”” This property
reflects a slowed hydroxide-catalyzed hydrogen exchange,
limiting exchange artifacts and enabling the measurement of
protein surface hydration dynamics. To understand whether
the DLPC:DPC system displays similar properties, we
performed ubiquitin encapsulations at pH 5.5, 6.0, 7.5, and
8.0. We observed the resonance corresponding to glycine 75
broaden with the increase in pH up to disappearance at pH 7.5
in standard aqueous conditions. When encapsulated in
DLPC:DPC at pH 7.5 the hydrogen exchange is slowed and
the resonance is clearly visible (Figure S4c). However, at pH
8.0 the resonance corresponding to glycine 75 in both the
aqueous and the encapsulated HSQCs was severely exchange
broadened and not observed (Figure S4d). Glycine 75 was still
visible at pH 9.0 when ubiquitin was encapsulated in AOT.”
Therefore, while it is to a smaller degree as with AOT
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Figure 4. Membrane embedment of PMP GPx4 visualized using DLPC:DPC RMs. (a) *N-HSQC overlay of aqueous GPx4 with DLPC:DPC
encapsulated GPx4 at pH 6.0. Here, 75 mM DLPC:DPC was used at a 50:50 molar percentage ratio. The W, for encapsulation was 20, and the
hexanol concentration was 900 mM. (b) Large degrees of chemical shift perturbations are observed upon encapsulation in the membrane
interaction regions, evidence that GPx4 is embedding into the surfactant shell. CSP outliers were determined by calculating a 20% trimmed mean of
total CSPs plus 1o (0.085 ppm, orange line) and 26 (0.15, red line). (c) Structural depiction of the membrane interface and a scheme of GPx4
embedding into the surfactant shell of DLPC:DPC, which is consistent with experimental data (PDB 20BI). Residues are colored according to the
1o (orange) and 20 (red) outlier cutoffs. Residues with corresponding resonances that disappear due to line broadening are depicted in white,

while unperturbed residues are shown in gray.

encapsulation of ubiquitin, we do observe significant slowing of
hydroxide catalyzed hydrogen exchange, suggesting that this
system is compatible with measurements of protein hydration
dynamics. Additionally, the range of pH values that
accommodates ubiquitin encapsulation demonstrates the
robustness of the DLPC:DPC RM formulation for a range of
solution conditions.

Structural fidelity of RM encapsulated proteins is essential,
and the sensitivity of NMR allows us to observe if any major
structural perturbations occur. A strong correlation between
HSQC spectra of a protein in different conditions indicates
that the protein retains its native fold and function. We
compared the "N and '"H backbone chemical shifts of the
aqueous ubiquitin HSQC and DLPC:DPC encapsulated
HSQC, which revealed a well-correlated overlay of an aqueous
HSQC of ubiquitin and DLPC:DPC encapsulated protein,
with an R? value of 0.9984 for 'H and 0.9982 for **N backbone
resonance chemical shifts at pH 5.5, well within the
benchmarks for high-fidelity protein encapsulation (Figure
2b)."" While the majority of resonances did not shift upon
encapsulation, a small subset did display chemical shift
perturbations. To reveal CSP outliers, we calculated a 20%
trimmed mean, with resonances greater than the trimmed
mean plus 1o and 20 being two categories of outliers for
ubiquitin at pH 6.0 (Figure SS). The 20 cutoff of >0.097 ppm
encompassed residues T9, Q49, R74, and G7S. The second
cutoff of >0.062 ppm included residues T12, G47, K48, L69,
R72, L73, and G76. These residues do not form a continuous
surface, indicating that ubiquitin is not fully embedding in the
surfactant shell. Interestingly, these residues correspond well
with those observed to transiently interact with amphipathic,
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anionic surfaces, such as those in AOT RMs and on SDS
micelles.””*” The ubiquitin interaction observed in the
DLPC:DPC RM system is further evidence in an emerging
view that ubiquitin engages in weak interactions with anionic
amphiphiles.

Embedment of Peripheral Membrane Proteins. To
understand if protein—membrane interfacial interactions can
be efliciently studied in these systems, faithful encapsulation
and embedment of PMPs was tested (Figure 1b). We used
GPx4 as our initial trial protein for PMP encapsulation because
its membrane-binding interface is known from previous
micelle- and isotropic bicelle-based experiments.*' Encapsula-
tion of GPx4 within the established CTAB:hexanol and
10MAG:LDAO RM systems resulted in high-quality spectra
but did not display chemical shift perturbations consistent with
a membrane interaction (Figure 3). A small degree of shift was
observed with CTAB, most likely due to an anionic interaction
with the bromine counter-ion of the surfactant, reflecting the
known interaction between GPx4 and anionic phosphate
(Figure 3b).*' CTAB and 10MAG:LDAO systems were
developed to encapsulate water-soluble proteins with their
native fold intact while avoiding protein interactions with the
RM surfactant shell; therefore, these systems are somewhat
limited as membrane models, which was further confirmed
with GPx4 encapsulation.””*"

We obtained high-quality spectra of GPx4 encapsulated in
50:50 DLPC:DPC, leading us to ultimately choose this
formulation as our optimized RM system (Figures 4a and
S6a). When GPx4 was encapsulated within the DLPC:HPC
system, a large loss in spectral quality and signal intensity
resulted, as compared to GPx4 in aqueous conditions, so we
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Figure 5. PMP PEBP1 surface interaction with DLPC:DPC. (a) ""N-HSQC of aqueous PEBP1 overlaid with DLPC:DPC PEBP1 at pH 7.5. 75
mM DLPC:DPC was used at a 50:50 molar percentage ratio. The W, for encapsulation was 25, and the final hexanol concentration was 1.05 M. (b)
CSPs of PEBP1 interacting with the headgroups of DLPC:DPC were calculated and mapped. CSP outliers were determined by calculating a 20%
trimmed mean of total CSPs plus 1o (0.028 ppm, orange) and 20 (0.04S ppm, red). (c) Depiction of the membrane interface and a scheme of
PEBP1 binding to the surface of the surfactant shell of DLPC:DPC, consistent with experimental data (PDB 1BD9). Residues are colored
according to the 1o (orange) and 26 (red) outlier cutoffs. Residues with corresponding resonances that disappear due to line broadening are

depicted in white, while unperturbed residues are shown in gray.

did not further pursue this mixture (Figure S7). Encapsulation
of GPx4 within DLPC RMs resulted in no protein NMR signal.
An overlay of aqueous GPx4 and DLPC:DPC encapsulated
GPx4 showed a binding interaction that is remarkably similar
to binding with DPC micelles, with key residues in both the
catalytic and cationic regions showing chemical shift changes
(Figures 4 and $8).*" Minor differences in the N-HSQC
spectra of DLPC:DPC encapsulated GPx4 compared to GPx4
bound to DPC micelles are likely due to the presence of DLPC
and hexanol in the RM shell (Figure S8). The CSP analysis
reveals that the membrane interface is centered around G46-
K48 as well as K127-W136, R152, and the structurally adjacent
residue G79, as observed previously. The DLPC:DPC RM-
embedded GPx4 spectrum correlates well to the spectrum of
GPx4 embedded in DPC micelles, which has been shown to
house enzymatically active GPx4.*' Therefore, encapsulation
within the DLPC:DPC system retains the native fold and
function of membrane-embedded GPx4. These results indicate
that the DLPC:DPC RM formulation embeds GPx4 nearly
identically to previously investigated membrane model systems
and behaves as an adequate model to house and embed
membrane-interacting proteins.

Additionally, we tested PEBP1 using the optimal
DLPC:DPC system (Figure Sa). Like with GPx4, we observed
individual resonances shifting, indicating that there is a binding
interaction between the protein and the RM. We observed
shifting resonances corresponding to residues surrounding the
ligand-binding pocket (Figure Sb,c), which compares well to a
previously proposed membrane interface.”” The calculated
CSP outliers implicate that residues K80-H8S and V107-S109
and other structurally adjacent residues form the membrane-
interacting interface of PEBP1 with the DLPC:DPC surfactant
shell. Other resonances, corresponding to non-interacting
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residues, correlate very well, indicating that PEBP1 retains its
native fold when encapsulated in the RM. While clearly
indicating a membrane-binding surface, the values of the
chemical shift perturbations are lower than those observed in
GPx4. A difference in membrane-binding modes would
account for this difference, with GPx4 loops embedding
relatively deeply into the membrane and PEBPI seemingly
binding to the surface with a shallow depth of embedment.
Comparison between DPC micelle bound and DLPC:DPC
RM encapsulated PEBP1 reveals a high degree of correlation
(Figure S9), which is a further evidence that membrane surface
interactions are well-represented in this system. This second
membrane-associated protein again indicates that the new
DLPC:DPC RM system is a viable membrane mimic to
investigate membrane interactions. Average resonance line
widths and signal-to-noise ratios of GPx4 and PEBP1 in
DLPC:DPC RMs compared to each protein embedded in
DPC micelles are essentially unchanged. Additionally, we
found that DLPC:DPC was superior for long-term stability of
both GPx4 and PEBP1 compared to their stability with DPC
micelles. Aqueous DPC micelle samples of GPx4 and PEBP1
were stable for less than ~2 days before the samples began to
display signs of degradation. However, optimized DLPC:DPC
encapsulated GPx4 and PEBP1 were stable for weeks, with our
oldest samples being >1 month old and displaying no
significant degradation in signal intensity. Enhanced stability
suggests that the surface of the DLPC:DPC RM may be a
better mimic of the biological membrane surface than the
commonly used DPC micelles.”

RM Size and Shape Characterization. We performed
SAXS experiments to understand the size, shape, and
composition of the DLPC:DPC RMs. Bromine was previously
shown to provide ample contrast for the characterization of the
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Figure 6. SAXS and DLS profiles of DLPC:DPC RMs. (a) SAXS data for 75 mM DLPC:DPC in hexane with 1.4 M hexanol and W, values of 15
(red), 20 (blue), and 25 (green). The major contrast component is Br™ ion from the 500 mM NaBr that was included in the aqueous phase. Error
bars for the measurements are included and are not visible if they are smaller than the data symbol size. (b) Guinier analysis provides an estimate of
the radius of gyration (R,) of the bromine pseudo-shell that is known to form within the aqueous core of RMs. Increasing R, values are observed
upon increase in the water content. The R, values estimated here are: 2.15 + 0.12 nm for W, = 15, 2.66 + 0.12 nm for W, = 20, and 2.92 + 0.12
nm for W, = 25. (c) DLS data depicting the volume-weighted solvodynamic diameter distribution for 75 mM DLPC:DPC RMs in hexane with 1.2
M hexanol at W, = 20 with both 100 mM NaCl and 500 mM NaCl confirm that salt concentration does not significantly alter the size of the RMs.
One representative trace is displayed, with average and error calculated from experiments collected in triplicate. (d) DLS data for DLPC:DPC in
hexane with 1.2 M hexanol at a W, of 20 for empty RMs versus RMs containing encapsulated ubiquitin or GPx4. One representative trace is
displayed, with average and error calculated from experiments collected in triplicate.

water core of RMs.”*® To increase the contrast for high-
quality SAXS experiments, we added S00 mM NaBr to the RM
aqueous phase. We collected SAXS profiles for DLPC:DPC
RMs with 1.4 M hexanol and varying W;: 15, 20, and 2S.
Scattering profiles are consistent with small, uniform, and
roughly spherical RMs (Figure 6a).°> Guinier analysis reveals
no observable aggregation or interparticle interactions.>
Additionally, we observed a trend of increasing radii of
gyration (Rg) as W, is increased, consistent with previous
results of other RM formulations.”” While Br~ provides ample
scattering, the distribution within the core of RMs is known to
take on a “pseudo-shell” shape due to charge repulsion of the
bromine ions. While this limits the usefulness of simple shape-
fitting procedures, the scattering profiles here match well with
those previously collected for uniform, roughly spherical
CTAB RMs.***° Guinier analysis of the SAXS profiles provides
an estimate of the R, of the water core, which is shown here to
be 2.15 + 0.12 nm for W = 15, 2.66 + 0.12 nm for W, = 20,
and 2.92 + 0.12 nm for W = 25 (Figure 6b). These results are
consistent with previous characterizations of the commonly
used CTAB RM system, though the values for the Br~
pseudo-shell of the DLPC:DPC system here are about 25%
smaller than those for CTAB RMs.”” Salt concentration is
known to alter the size and stability in some RM systems.’!
Comparative DLS measurements revealed that the high salt
concentrations used to enhance the contrast in SAXS
experiments lead to a slightly broader size distribution but
do not significantly affect the RM size (Figure 6¢). Addition-
ally, protein encapsulation results in a slight narrowing of size
distribution but does not significantly change the RM size with
GPx4 encapsulation and reveals a very slight size reduction
(~8%) with ubiquitin encapsulation (Figure 6d). The results
of SAXS experiments and Guinier analysis confirm that the
DLPC:DPC RM system is not significantly aggregated, is
small, and is approximately spherical and that increasing the
water content increases the size of the RMs. These properties
are important for protein encapsulation and other experiments
where knowledge and control of the size and shape parameters
are necessary.

B CONCLUSIONS

Presented here are novel RM formulations that are optimized
to behave as membrane mimics for interfacial studies. Among
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the formulations reported here, the DLPC:DPC mixture has
the broadest utility as a membrane model. This system has
proven to encapsulate the water-soluble protein ubiquitin with
a high degree of structural fidelity, similar to other currently
employed RM formulas. Membrane-interacting proteins, GPx4
and PEBPI, interact with the RM shell in a manner that
reflects their expected interaction with biological membranes.
Importantly, the proteins housed within the core of
DLPC:DPC RMs here are stable long-term, with nearly no
observable signal degradation over the course of >1 month.
Embedding membrane-interacting proteins in the RMs
formulated here will allow for a wide range of high-resolution
studies of the interface between proteins and membranes.
Additionally, these formulations may be used in many other
types of interfacial investigations where it is beneficial to
simulate membrane surface chemistry. The inner surface of the
DLPC:DPC RM shell is composed of phosphocholine and
hexanol alcohol headgroups. This chemistry well simulates the
lipid environment of human cellular membranes, many of
which are primarily composed of lipids with phosphocholine
headgroups and cholesterol with hydroxyl headgroups. Because
the protein specificity for membranes is driven by a
combination of specific components and general physical
properties like curvature and charge to accommodate their
biologic activity, the chemical composition of a membrane
model surface is key for accurate protein interaction studies.’
The nature of membrane curvature is an important driver of
certain interfacial biological processes, and the observed
curvature can be quite extreme.*”* Concave membrane
surfaces in organelle structures such as endoplasmic reticulum
cisternae and Golgi tubules have minimal radii of curvature
(R.) of ~15 nm, and the protein-induced membrane curvature
has been reported with an R_ as low as 10 nm or perhaps
smaller.”"*> While the RMs reported here have a significantly
higher degree of curvature than found in biological
membranes, with R, ~2—3 nm, they may be useful for certain
studies of small, concave environments. Optimization of
protein-compatible RMs to better simulate biological mem-
branes will allow for more accurate studies of membrane
processes that are key to cellular functions. The RM
formulations developed here promise to be a valuable addition
to the toolbelt for membrane interfacial investigations.
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