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The membrane-anchored flavin mononucleotide binding domain
(FBD) of CYP450 reductase was extracted in E. coli lipid-nanodiscs
using charge-free pentyl-inulin polymer. FBD in nanodiscs was
found to be conformationally homogenous and enabled high-
resolution NMR probing. *'P NMR revealed the polymer's lack of
preference for any specific E. coli lipids and identified the lipid-
types in nanodiscs.

There is significant interest in the high-resolution structures of
membrane proteins, which represent ~30% of the proteome in
all organisms and perform various physiological functions, and
are the target for ~50% of pharmaceutical drugs available on
the market." Different types of lipids associated with the
transmembrane (TM) domains are essential for the structure,
stability, conformational dynamics, and function of membrane
proteins.>® Therefore, it is necessary to maintain the native
lipid environment for membrane proteins while probing the
structure and dynamics towards understanding their physiolo-
gical function. However, it has not been possible to maintain
the native lipids when membrane proteins are extracted using
detergent that affect protein-lipid interactions and remove
them altogether.** Although lipid-nanodiscs (composed of a
lipid bilayer with the hydrophobic edge surrounded by amphi-
pathic membrane scaffolding protein (MSP)/peptide) provide a
stable lipid environment,®’ the membrane protein extraction
steps (preceding reconstitution into nanodiscs) involving deter-
gents could disrupt native lipid-protein interactions causing
protein denaturation/aggregation.®®

The poly(diisobutylene-al¢t-maleic acid) (DIBMA) and poly-
(styrene-co-maleic acid) (SMA)-based polymers are excellent
alternatives to detergents and MSP/peptide to study membrane
proteins in a lipid environment.**>'° However, these polymers
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possess one or more limitations due to their high charge
density and aromatic nature.'’ The charged polymers can
interact with charged lipids in the cell membrane, interfering
with lipid-membrane solubilization, affecting different lipid
types associated with the target membrane protein and nano-
disc formation, and membrane protein conformation/stabi-
lity.">'® In addition, charged polymers can interact with the
membrane protein (containing large soluble domains) with a
net opposite charge at a given pH, leading to decreased protein
yield, altering protein conformation, folding, stability, and
function.”® To avoid these issues, the charge of the polymer
used for reconstitution should be the same as that of the target
membrane protein that is to be solubilized and extracted/
reconstituted.?

Ion-exchange chromatography (IEC) is a preferred protein
purification method when a membrane protein does not con-
tain affinity tags or if the tags are not desirable/compatible with
the function of target membrane protein. Nevertheless, the
electrostatic interactions of polymers with the ion-exchange
resin render the purification of nanodisc-protein using IEC
very difficult. Other limitations include the undesirable inter-
ference of the aromatic groups of the polymer with different
spectroscopic measurements'* and low stability in the presence
of divalent metal ions and different pH."> Although styrene
maleimide quaternary ammonium (SMA-QA) was developed to
enhance the tolerance against pH variation and divalent metal
ions, due to its charge the efficacy of solubilizing cell mem-
branes is low like other reported charged polymers.'*%
These limitations are particularly problematic when these
polymers are used to extract low-expressing, intrinsically less-
stable membrane proteins such as G-protein-coupled receptors
(GPCRs) and mammalian cytochrome P450 (CYP450) enzymes.
Additionally, reconstitution of membrane protein complexes
and their functional and structural probing can be a great
challenge when using polymer-nanodiscs possessing a high
charge density."?

The newly developed inulin (fructooligosaccharides; n =
2-60)-based polymers contain no ionic groups (Fig. 1), form
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Fig.1 Schematic of the extraction of the FBD in nanodiscs using inulin
(fructooligosaccharides; n = 2-60) functionalized with pentyl groups.
(@) The membranes were incubated with pentyl-inulin (boxed) at 4 °C.
(b) A transparent solution appeared after adding the pentyl-inulin to cell
membranes indicating the formation of soluble nanodiscs (blue-green).
The protein was purified using either (c) anion-exchange chromatography
(AEC) or (d) metal-ion affinity chromatography (MAC) followed by (e) size-
exclusion chromatography (SEC) methods. “+” and “—" indicate the
charge on the FBD and resin. 6H indicates the 6His-tag on the FBD.

nanodiscs upon mixing with lipids, and are tolerant to metal
ions and a range of pH conditions."® Therefore, in this study,
for the first time, we chose charge-free inulin functionalized
with hydrophobic pentyl groups (pentyl-inulin) to extract
membrane proteins in native lipids. The detergent-free
membrane protein extraction using pentyl-inulin is demon-
strated for the membrane-anchored flavin mononucleotide
(FMN)-binding domain (FBD) of NADPH-cytochrome P450
reductase (CPR). The TM domain of CPR is essential to form
the CPR-CYP450 functional complex within the lipid-bilayer."®
The FBD, an immediate electron donor to the CYP450, is
a 27.8 kDa protein domain anchored to the lipid bilayer
through a single TM domain as confirmed by solid-state NMR
experiments.”® It has a single non-covalently attached FMN co-
factor with a net negative charge of —24 at pH 7.4 (Table S1,
ESIT). The reported studies used either FBD purified using
detergent-based protocols or the truncated-FBD (lacking
the TM domain).” The contact with detergents during purifica-
tion could denature a membrane protein and affect its con-
formational stability. As a result, a functionally active protein
may be converted into an inactive protein, as reported for
CYP450."*?! Furthermore, removing the TM domain, or extract-
ing proteins using detergents, can cause protein dysfunction
and structural heterogeneity.””>>* These observations further
illustrate the crucial role of the TM domain on the structural
folding and function of membrane proteins and also reveal
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the disadvantages of detergent-based membrane protein
purification.

The direct extraction and the characterization of rat FBD in
E. coli lipid-nanodiscs using pentyl-inulin is depicted in Fig. 1. The
detailed protocol is described in the Supplementary Information.
Briefly, 3.2 g of wet cells produced ~ 1.2 g of membrane fragments.
The cell membranes were resuspended and mixed with pentyl-
inulin at 1:0.5 membrane-to-polymer ratio (w/w) in 20 mM potas-
sium phosphate buffer (pH 7.4) containing 100 mM NaCl and
incubated overnight at 4 °C under slow mixing (Fig. 1a and b).
Unlike SMA, pentylinulin does not require higher salt concentra-
tions (>100 mM) for efficient membrane protein extraction.™
Then, the protein in the nanodiscs was purified using either
diethyl-aminoethyl (DEAE) anion-exchange chromatography
(Fig. 1c) or Ni*-NTA affinity (**N-labelled FBD) chromatography
methods (Fig. 1d).

The protein from DEAE beads and Ni*'-NTA beads was
eluted using a NaCl gradient and 300 mM imidazole, respec-
tively. The sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis of protein fractions showed a
band corresponding to the FBD (Fig. 2a and Fig. S1, ESIt). The
fractions containing FBD were pooled together, concentrated,
purified and characterized by size-exclusion chromatography
(SEC) (Fig. 1e). The chromatogram of a single peak eluted
between 8 and 12 mL with a maximum A,g, at ~10 mL was
observed, indicating the presence of large lipid-nanoparticles
containing protein (Fig. 2b and Fig. S1, ESIt). Pentyl-inulin
does not contain any aromatic moieties (Fig. 1); hence it did not
interfere with protein absorption at ~280 nm (Fig. S2, ESIT).
Additionally, unlike SMA,"® pentyl-inulin was not stained with
Coomassie blue; therefore, it did not interfere with the SDS-
PAGE analysis of proteins (Fig. S2, ESIT). The SDS-PAGE analy-
sis of SEC fractions revealed the protein band corresponding to
FBD (27.8 kDa) with high purity (Fig. 2c and Fig. S1, ESIY).
Interestingly, a protein band at ~56 kDa was also observed on
an SDS-PAGE gel (Fig. 2c and Fig. S1, ESIt), which might have
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Fig. 2 (a) SDS-PAGE analysis of protein fractions eluted from DEAE-resin
using NaCl at 400 (lane 1), 500 (lane 2), 600 (lane 3) and 700 mM (lane 4)
concentrations. The arrow indicates the protein band corresponding to
the FBD. (b) Purification of FBD by SEC. The absorption peak corres-
ponding to the FBD in nanodiscs is highlighted with a yellow-color. The
additional peaks (*) might have appeared from free polymers and other
components from cell lysates (see Fig. S5 in ESIt). (c) SDS-PAGE analysis:
lanes-1-4 are from the yellow-colored SEC fractions in (b) and lane-5 is
from the colorless FBD-free fraction. M denotes protein monomer, and D
denotes possibly a small fraction of protein dimer. PM: protein marker.
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appeared due to a partial dimerization of FBD in the nanodiscs.
The partial dimerization of FBD is similar to that observed for
the cytochrome-b5 in nanodiscs.’” The protein concentration
was measured using UV-visible spectroscopy. The measured
concentration of purified FBD based on the 451 absorbance
peak was ~ 3.8 mg/1.2 g membranes (Fig. S3, ESIt).

A good dispersion of amide-proton resonances and the
resonances in the high-field region (between 0 and —1 ppm)
of the "H NMR spectrum indicate the well-folded conformation
of FBD in nanodiscs (Fig. 3a). Based on the reference spectra
recorded on pentyl-inulin in the presence and the absence of
commercial E. coli lipids, the high-intensity resonances in the
spectrum of nanodiscs were assigned to pentyl-inulin and
E. coli lipids (Fig. 3a and Fig. S4, ESIt). The appearance of
resonances from the protein, polymer, and lipids in the
"H NMR spectrum confirmed the successful extraction of FBD
in the nanodiscs. The stability of nanodiscs was monitored over
a week using SEC. Similar SEC elution profiles were observed at
different time points, suggesting good stability of the nanodiscs
(Fig. S5, ESIt). The elution peak at ~16 mL (in Fig. S5, ESIt)
might have appeared from the partial degradation of FBD over
time. Nanodiscs were further characterized by recording
dynamic light scattering (DLS), which showed a hydrodynamic
radius of ~10 nm (Fig. 3b), and by acquiring transmission
electron microscopy (TEM) images that revealed nanodiscs with
a diameter of 20 &+ 2 nm (Fig. 3c). These values are similar to
that reported for pentyl-inulin with various synthetic lipids.'®
The results indicate that the pentyl-inulin forms larger
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Fig. 3 (a) 1D *H NMR spectrum of FBD in nanodiscs. A good H" reso-
nance dispersion (magenta bar) and the appearance of resonances in the
high-field region (between —1 and 0.5 ppm; circled) indicate the folded
conformation of FBD. The resonances from lipids and pentyl-inulin are
either boxed or indicated by arrows. (b) DLS profile of a SEC-purified
sample (Fig. 2b) showing a large complex with a hydrodynamic radius
(Rnya) of ~10 nm. (c) TEM image of a SEC-purified sample (Fig. 2b). The
measured particle size is 20 + 2 nm diameter. (d) **P NMR spectra of
nanodiscs (bottom), commercial E. coli lipids in polymer-nanodiscs (mid-
dle), and E. coli lipids alone (top). The NMR samples were prepared in a
buffer containing 50 mM NaCl and 100 mM sodium cholate. * indicates
uncharacterized lipids.
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nanodiscs as compared to that of SMA and smaller nanodiscs
when compared to that of DIBMA."’

The lipids in nanodiscs were characterized using *'P NMR
(Fig. 3d)."> Reference *'P NMR chemical shifts for E. coli lipids
such as phosphatidylethanolamine (POPE; [zwitterionic]),
phosphatidylglycerol (POPG; [anionic]), and cardiolipin (CL)
were obtained by recording a *'P NMR spectrum of the commercial
E. coli lipids (Fig. 3d, top). Polymer-nanodiscs containing commer-
cial E. coli lipids were also prepared (Fig. S5, ESIt) and studied by
3P NMR to see the pentyl-inulin effect on the E. coli lipid composi-
tion. The *'P NMR peaks from all known E. coli lipids were observed
from the polymer-nanodiscs (Fig. 3d, middle). The measured ratio
of the areas of the observed peaks for different E. coli lipids in
polymer-nanodiscs was similar to that of the polymerfree E. coli
lipid sample (Table S2, ESIt), indicating that the polymer does not
interact with any specific E. coli lipids. The *'P NMR peaks observed
from nanodiscs were assigned to POPE and POPG (Fig. 3d, bottom).
CL was not observed in nanodiscs, because its concentration might
be too low to be detected by *'P NMR. The measured POPE:
POPG ratio was 1.6: 1 in the nanodiscs, whereas their ratio was
~3:1 in the polymer-nanodisc and polymer-free E. coli lipid
samples (Tables S2 and S3, ESIt). It is unclear if the observed
POPE : POPG ratio in the nanodiscs was due to FBD’s prefer-
ence to interact with them or their abundance in the E. coli
membrane (Fig. 3d, top trace, and Table S2, ESIt). Therefore,
additional studies are needed to understand FBD’s selectivity
for different types of lipids.

2D ["*N-"H]-TROSY-HSQC spectra were acquired at 25 °C on
75 UM of "’ N-isotope-labelled FBD. Despite the large size of the
nanodiscs (~20 nm diameter), a high-quality TROSY-HSQC
spectrum was obtained, displaying well-resolved resonances
(Fig. 4), which is in agreement with previous NMR studies on
bicelles®® or 4F peptide-nanodiscs”>® containing FBD. The
spectral quality improved further when the temperature
increased to 32 °C (Fig. 4 and Fig. S6, ESIT) due to the increased
mobility of the soluble domain part of FBD at higher tempera-
tures. In addition, the number of low-intensity peaks in the
TROSY-HSQC NMR spectrum decreased substantially com-
pared to that reported previously for both truncated-FBD and
the detergent-purified FBD in 4F-DMPC nanodiscs, indicating
more homogenous conformation for FBD when directly
extracted in nanodiscs than that produced by the detergent-
based purification methods (Fig. S6, ESIt).”*> The measured "H
and "N line-widths from TROSY-HSQC (@32 °C) were 20-28 Hz
and 14-20 Hz, respectively (Fig. S7, ESIt), as previously reported
for FBD reconstituted in 4F-DMPC nanodiscs.” Due to peak
overlap, the line-widths for residues located near the lipid
bilayer were not measured. Despite the large size of the
nanodiscs (Fig. 3b and c), the high quality NMR spectra
obtained in this study indicate the isotropic nature of the
soluble domain of FBD and demonstrate the feasibility for
further high-resolution structural and dynamics studies
by NMR.

In this study, we have demonstrated that charge-free pentyl-
inulin is an excellent alternative to detergents to extract and
study membrane proteins in a lipid environment. Additionally,
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Fig. 4 2D [*H-">N]-TROSY-HSQC NMR spectra of 75 uM **N-labelled
FBD in nanodiscs recorded at 800 MHz NMR spectrometer. For easy
reading, expanded regions are shown below, highlighting few peaks with a
substantial signal improvement at higher temperature (32 °C). The spectra
were processed using identical parameters. The sample was prepared in
25 mM sodium phosphate buffer (pH 7.4) containing 100 mM NaCl.

pentyl-inulin-based cell membrane extraction affords nano-
discs that contain membrane proteins in a stable conforma-
tion. Importantly, it is feasible to identify the lipid types
associated with the extracted membrane proteins in nanodiscs
by *'P NMR and other biophysical methods.>** The informa-
tion on lipid composition can be useful to study membrane
proteins prepared using detergent-based methods. Further-
more, due to its non-ionic nature, pentyl-inulin is compatible
with ion-exchange and affinity chromatography purification
resins. Despite the large size of extracted E. coli lipid-
nanodiscs (~20 nm diameter), the high quality NMR spectra
obtained for FBD demonstrates the suitability of inulin-based
polymer nanodiscs to study membrane proteins by NMR
spectroscopy. Additionally, it is shown that the pentyl-inulin
does not interfere with UV-based spectroscopic measurements
of proteins. We believe that the directly extracted membrane
proteins are highly suitable for functional assays, cryo-EM
studies, NMR studies under solution/aligned conditions, and
solid-state NMR studies to characterize the TM domains."®?°
We foresee that the non-ionic inulin-based polymer will be
useful in the functional reconstitution and structural studies of
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complexes composed of oppositely charged proteins or protein-
RNA.
This study was supported by NIH (R35 GM139572 to A. R.).
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