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ABSTRACT

Despite arduous efforts and recent technological developments structural investigation of integral membrane proteins
remains a challenge. The primary deterrents include difficulties with their expression, low inherent solubility, and problems
associated with existing membrane mimicking systems. A relatively new class of membrane mimetics, nanodiscs, is emerging
as a promising alternative. Although nanodiscs have been proven successful for several biophysical applications, they yet
remain to become the system of preferred choice for structure determination. We have hereby made nanodiscs more suitable
for solution NMR applications by reducing the diameter of the self-assembly complex to its potential limit. We achieved a
noticeable improvement in the quality of NMR spectra obtained for the transmembrane and cytoplasmic domains of integrin
anp incorporated into these smaller discs rendering them susceptible for a thorough structural investigation. In addition, we
also present an on-column method for a rapid, efficient, single-step preparation of protein incorporated nanodiscs at high
concentrations. These discs have been fully characterized by transmission electron microscopy, dynamic light scattering, and

differential scanning calorimetry.
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INTRODUCTION

Integral membrane proteins (IMPs) comprise one-
third of the genomic content in eukaryotes1 and are
targets for more than 60% of the drug leads.2 Although
significantly important, they are less understood and
structurally characterized relative to their soluble counter
parts. Notorious for the difficulties associated with over-
expression, purification, and inherent insolubility, they
remain challenging subjects for high resolution structure
determination both by X-ray crystallography and nuclear
magnetic resonance (NMR) spectroscopy. To facilitate
studies of membrane proteins using solution NMR, sev-
eral different membrane mimicking systems including or-
ganic solvent mixtures, amphipols, micelles and bicelles
have been used.3 Although useful they come with certain
caveats like surface curvature artifacts, narrow range of
stable temperatures, limited diversity of detergent or lipid
types, and poor control over sample homogeneity.* A
relatively new class of soluble membrane mimetic called
nanodiscs, with controlled diameter and thickness of a
lipid bilayer membrane, has been introduced for studying
membrane proteins. Since its development, this system

© 2013 WILEY PERIODICALS, INC.

has been used for the biophysical characterization of
several receptors, enzymes, channels, and transporters.5
Nanodiscs, originally developed by Sligar and
coworkers in 2002, are discoidal nanolipoproteins, having
a nanoscale phospholipid bilayer held together by an am-
phipathic membrane scaffold protein (MSP), which
forms the outer protein belt enclosing the lipid molecules
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and protecting its hydrophobic aliphatic chains from po-
lar environment.®=8 MSP is derived from apolipoprotein
A-T and contains several alpha helical repeats. The size,
defined as the diameter of nanodisc, is varied by using
MSPs that differ in their number of helical repeats.9 The
lipid content, which defines the thickness of the bilayer,
is varied by the use of multifarious lipids like DMPC,
POPC, DPPC, E. coli lipid extracts, and so forth.10
Because of their soluble nature, ease in concentration,
monodispersity, temperature stability, and compatibility
with cell-free protein expression,11 nanodiscs present a
competitive edge over other systems available for study-
ing membrane proteins.> Apart from reconstitution of
several proteins, including rhodopsins, SecYEG, tar, cyto-
chrome P450, B2 adrenergic receptor, and epidermal
growth factor receptor,10 nanodiscs have been uniquely
used for studying cell signaling!2, and nanomechanical
detection of cholera toxin.13 Using solution NMR,M)15
nanodiscs have been compared to micelles in their ability
to provide a proper environment for studying membrane
protein interactions. In addition, larger nanodiscs “mac-
rodiscs” have been shown viable as an alignment media
for measurement of residual dipolar couplings.16 How-
ever, up till now, the application of nanodisc for high-re-
solution structural determination by solution NMR was
deterred by its large size. While in preparation of the re-
vised manuscript we came across a compelling paper by
the Wagner group exemplifying for the first time the fea-
sibility of smaller nanodiscs for the structure determina-
tion of a membrane protein.!”

Investigating membrane proteins by solution NMR
requires a model membrane system small enough to
achieve a comparatively short rotational correlation time.
In addition, the method requires that the model system
stays homogenous under micromolar sample concentra-
tions. To achieve shorter rotational correlation time and
render nanodiscs more suitable for NMR applications,
we reduced the overall diameter of the entire complex by
reducing the number of helical repeats in MSP. These
smaller discs, termed as “minimal” nanodiscs, clearly
show a significant improvement in the NMR spectrum of
the incorporated protein—integrin oy, transmembrane
and cytoplasmic domains when compared to the existing
nanodiscs. Reconstituting membrane proteins within
nanodisc using the original protocol!8 yields low concen-
tration samples which require additional purification
steps for separating empty discs from protein incorpo-
rated ones. Hence we developed a simpler, single-step
on-column method for preparing nanodiscs by concen-
trating proteins on the resin. On-column methods have
long been in use for the incorporation of membrane pro-
teins into lipid vesicles and detergent micelles.!920 In
addition to a three-times reduction in the preparation
time, we have achieved a concurrent separation of empty
and protein incorporated discs obtaining concentrated
homogenous preparations. Since discs are formed bound
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to the resin, we explored the two possible ways of prepar-
ing discs on-column: (i) discs are formed bound to the
resin through MSP, and (ii) discs are formed bound to
the resin through the target protein.

MATERIALS AND MIETHODS

The buffers listed hereunder are the same as used in
the original protocol for nanodiscs preparationlsz bind-
ing buffer: 20 mM NaH,PO,-H,0, 1 mM PMSEF, pH 7.4;
wash buffer-1: 40 mM Tris/HCI, 0.3M NaCl, 1% Triton
X-100, pH 8.0; wash buffer-2: 40 mM Tris/HCI, 0.3M
NaCl, 50 mM Na-cholate, 20 mM imidazole, pH 8.0;
wash buffer-3: 40 mM Tris/HCl, 0.3M NaCl, 50 mM im-
idazole, pH 8.0; elution buffer: dialysis buffer + 0.4M
imidazole; dialysis buffer: 20 mM Tris/HCl, 0.1M NaCl,
0.5 mM EDTA, pH 7.4. Additional buffers are detailed
within corresponding sections.

Cloning and expression

From the several available MSP constructs, we chose
MSPIE3D1 and MSP1D1, pET28a vectors with N-termi-
nal His-tag and kanamycin resistance, provided by Dr.
Nathan Alder. MSP1D1 vector was used as template to
generate the several deletion mutants, D7, D6, and D5.
Mutants were created by successively deleting single heli-
ces from the template till the MSP was reduced to five
helices using the site directed mutagenesis kit (Agilent,
USA). The construct for integrin oy (A2b) fused to
maltose binding protein (MBP) with ampicillin resistance
was gifted by Dr. Jun Qin. Integrin oy, consisting of a
single transmembrane and the C-terminal cytoplasmic
domains (TMCD), 54 amino acids in total, are inserted
into a modified pMAL-C2 (NEB, USA) vector containing
a 6X-His tag and TEV cutting site in the order of MBP-
HIS-TEV-oyp,.21 All constructs were transformed into E.
coli BL21 (DE3) cells and induced with 1 mM IPTG in
LB for 4 h. N ayy, was prepared by induction with 1
mM IPTG in minimal media for 6 h.

Purification

We found that 0.5 L cells gave us an average of 12—-13 mg
of MSP1E3D1. Two liters of culture was lysed and split into
different parts giving us 1.65, 3.3, 6.6, 12, and 24 mg pro-
tein. One milliliter of Ni-NTA (QIAGEN, USA) resin was
centrifuged and mixed with each of the above protein con-
centrations. This gave us five samples labeled as NDMT1,
NDMT2, NDMT3, NDMT4, and NDMT5 having respec-
tively 1.65, 3.3, 6.6, 12, and 24 mg of protein bound per
milliliter of Ni-NTA resin. In conclusion, we have five sam-
ples doubling in the concentration of protein bound per
milliliter of resin. This resin was washed according to Sligar’s
protocol with wash buffers 1, 2, and 3, and additionally with
five column volumes of three buffers: (1) 40 mM Tris, 200
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mM NaCl, 50 mM Immidazole, pH 8, (2) 40 mM Tris, 200
mM NaCl, pH 8, and (3) dialysis buffer. MSP mutants D5,
D6, and D7 were purified from 0.5 L culture mixed with 1
mL of Ni-NTA resin. Each mutant preparation was washed
with the aforementioned buffers and later used for the prep-
aration of empty nanodiscs. Bacteriorhodopsin in purple
membrane was generously provided by Dr. Robert Birge
and was purified using the protocol described elsewhere.22
An average of 10-11 mg of Integrin oy, was obtained from
1 L of culture, which was lysed and mixed overnight with
amylose resin (NEB, USA) in a buffer containing 20 mM
Tris, 0.2M NaCl, 1 mM EDTA, pH 7.4 and complete prote-
ase inhibitor tablet (Roche, USA). This integrin bound resin
was washed with 10 column volumes of the same buffer
plus additional five column volumes of dialysis buffer before
being subjected to nanodisc preparation. MSP proteins
(MSP1E3DI1, and D7) used for the formation of integrin
containing nanodiscs were purified using the standard
solution protocol.18

On-column formation of Nanodiscs

Powdered version of dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) (Avanti Polar, USA) lipid was used for pre-
paring the several nanodiscs. Nanodiscs were prepared using
the General Method for On-column Nanodisc Formation
given hereunder. Empty discs containing MSP1E3D1 was
prepared at a protein to lipid ratio of 1:160; MSP1D1, at a
protein to lipid ratio of 1:8018; and D5, D6, D7, at an
optimized (data not shown) protein to lipid ratio of 1:30.
Bacteriorhodopsin (bR) in purple membrane was mixed
overnight with 4% Tritton X-100. Discs were prepared by
mixing bR with MSP (bound at 6.6 mg/mL of Ni-NTA
resin) and solubilized DMPC at a MSP1E3D1:bR:DMPC
molar ratio of 2:3:160.23 Integrin oy, (A2b) containing
nanodisc was prepared by mixing MSP with the resin bound
amp at @ MSP1E3D1:A2b:DMPC molar ratio of 1:0.5:160
and D7:A2b:DMPC molar ratio of 1:0.5:20. Once nanodiscs
were formed, free lipids and unbound proteins were washed
out with two column volumes of dialysis buffer. Empty and
bR containing discs were then eluted with four column
volumes of elution buffer, while oy, containing discs were
eluted with four column volumes of 20 mM maltose, 20
mM Tris, 0.2M NaCl, 1 mM EDTA, pH 7.4. All the eluates
were loaded onto 16/60 Superdex 200 column pre-equili-
brated with dialysis buffer from which the relevant nanodisc
fractions were pooled and used for further analysis. Nano-
disc containing N-labeled oy, was eluted using 10 mM
KPi, 10 mM KCl, 0.05 mM EDTA, pH 6.5 buffer containing
TEV protease and concentrated for NMR experiments.

General method for on-column nanodisc
formation

All experiments were done at room temperature.
Powdered version of DMPC was solubilized in dialysis

buffer containing twice the concentration of sodium
cholate in a glass vial by sonication. Solubilized lipids
were added at an appropriate ratio to the resin contain-
ing bound MSPIE3D1 or target protein or both in a
short flex column using a Hamilton syringe (Hamilton,
USA). The volume of the reaction mixture was adjusted
with dialysis buffer to get a crucial final cholate concen-
tration between 12 and 15 mM. The column was capped
and kept on a nutator mixer for 1 h. To this mixture,
wet BioBeads SM-2 (Sigma, USA) was proportionally
added at a ratio of 0.6 g/mL of the reaction volume.
Prior to adding the beads they were preconditioned as
recommended by the manufacturer and finally washed
with dialysis buffer. This mixture was left horizontally
shaking, suspending the BioBeads in solution for 3 h
after which the column was washed with appropriate
buffer and eluted. Ni-NTA resin was salvaged from
BioBeads by using a fine mesh sieve thereby making it
available for regeneration.

Nuclear magnetic resonance

HSQC experiments were run on Varian 800 MHz spec-
trometer (Agilent, USA) equipped with the cryoprobe using
TROSY pulse sequence?4 at 40°C for 16 h (256 scans in t2
and 128 increments in t1) in the aforementioned buffer of
pH 6.5. Line-width analysis of the peaks obtained from the
spectra was performed using the CCPN Analysis soft-
ware.2> T1, T2 relaxation experiments were carried out
using the INVREC and CPMGT?2 pulse sequences at 40°C.

Transmission electron microscopy and
imaging

NDMT samples were adjusted to an absorbance Ag,
value of around 0.46. Each sample was diluted 80 times
with Milli Q water (Millipore, USA) and prepared on a
glow-discharged copper grid (mesh 400) covered with
carbon film. Grids were negatively stained with aqueous
1% uranyl acetate and air dried after wicking away excess
stain. Electron micrographs were taken with AMT XR-40
camera slide mounted on a Tecnai Biotwin G2 Spirit
Transmission Electron Microscope (FEI, USA). Images
were taken at a direct magnification of 180,000X. NDbR
and NDA2b were adjusted to an absorbance A,g, value
of 1 and 0.5 respectively and diluted 40 times with Milli
Q water (Millipore, USA). Image] (NIH, USA) software
was used for measuring the diameters of the two extreme
NDMT samples NDMT1 and NDMT5. Electron micro-
graph images were reverse contrasted and converted to a
binary format. The diameter was automatically counted
using the Analyze Particles macro, after setting the scale
to the calibrated value on the micrograph. The table
obtained was exported and plotted using Origin. A total
of 646 and 443 nanodiscs were counted for NDMT1 and
NDMTS5, respectively.
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Figure 1

Model diagram showing the different components of a protein
incorporated nanodisc and different schemes of the on-column method:
(a) Nanodiscs bound to the resin through MSP, for example, NDMT;
(b) Nanodisc with target protein bound to the resin through MSP, for
example, NDbR; (¢) Nanodisc with target protein bound to the resin
through the target protein, for example, NDA2b.

Dynamic light scattering

All experiments were done at 25°C with Zetasizer
NanoS (Malvern Instruments, USA) detecting backscatter
at 173°. Six scans were each taken for 60 s and averaged
to get the mean diameter. The particle size distribution by
volume data was exported, fitted and overlaid in Origin.

Differential scanning calorimetry

The most monodisperse sample, NDMTS5, at a concen-
tration of 0.95 mg/mL was used for the experiment. This
sample was referenced against the buffer obtained as a
filtrate from the concentration step. Prior to the run,
both were filtered with 0.22 pm and degassed using vac-
uum degasser. Thermograms were obtained by scanning
from 10 to 50°C at 35°C/h at a constant pressure of 3
atm.20 In total, three sets of heating, cooling cycles were
done using NanoDSC (TA Instruments, USA). The data
was corrected for baseline with a thermogram obtained
from buffer scans and fitted with residuals of 1.6 using
the two-state scaled model through the NanoAnalyze (TA
Instruments, USA) software.

RESULTS
On-column preparation of empty nanodiscs

In this method, nanodiscs are formed bound to the
resin through their outer belt protein MSP [Fig. 1(a)].
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We chose MSP1E3D1 and DMPC lipids as they have
been extensively used in reconstituting several membrane
proteins within nanodiscs. The histidine tagged
MSP1E3D1 was used for its ability to bind Ni-NTA resin.
Discs  were  formed at  the  recommended
MSPIE3D1:DMPC ratio of 1:160. Five samples, NDMT1
through NDMTS5, were prepared through successive dou-
bling of the protein concentration giving 1.65, 3.3, 6.6,
12, and 24 mg MSP bound per milliliter of resin. We
stopped at 24 mg/mL to avoid crossing the binding
capacity of the resin. This prevents any loss of protein in
the flow-through, which could perturb the final MSP to
DMPC ratio. All the five concentrations of MSP was pre-
pared from a single-cell lysate and mixed with solubilized
DMPC obtained from the same stock preparation. An
overlay of the chromatograms obtained from each of
these samples through size-exclusion chromatography
(SEC) on Superdex 200 column is shown in Figure 2.
The seemingly homogenous major peaks, from each of
these samples, spread over a total difference of 5 mL in
their elution volumes, with little to no free MSP. Interest-
ingly, with increasing protein concentration bound per
milliliter of resin, we saw a decrease in the amount of
aggregates and a shift in the elution volumes. Nanodiscs
were also prepared using the original solution method!8
as a control to compare with discs obtained from the on-
column method. The inset in Figure 2 shows a perfect
overlay of the chromatograms from the control and one
of our preparations, NDMT4, and the free MSP protein
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Figure 2

Chromatogram overlay from SEC of the different NDMT samples:
NDMT1 (red), NDMT2 (brown), NDMT3 (magenta), NDMT4 (khaki),
and NDMTS5 (blue). Inset: SEC comparing nanodiscs made in solution
(NDMT sol: black) and on-column (NDMT col: blue), also shown is
the free protein MSP1E3D1 (green).
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Figure 3

(a) Overlay of the particle size distribution by volume for different
nanodisc samples obtained through DLS: NDMT1 (red), NDMT2
(brown), NDMT3 (magenta), NDMT4 (khaki), and NDMTS5 (blue).
Inset: Table showing the mean Stokes diameters for the different NDMT
samples. (b) Frequency distribution of nanodisc diameters for the two
extreme samples NDMT1 (red) and NDMTS5 (blue). (¢) Normalized
curve fitted to the same frequency distribution data.

eluting at 83 mL. The elution volume of the rightmost
peak in our preparation is around 61 mL corresponding
to a molecular weight of about 275 kDa. This is in good
accordance with 268.6 kDa calculated from the molecular
weight of two MSP1E3D1 (32.6 kDa each) and a bilayer
of 300 DMPC molecules (0.67 kDa each).10

TEM and DSC were used to determine the identity of
nanodiscs. Electron micrographs obtained from TEM of
the five NDMT samples [Supporting Information Fig.
S1(a)] show discoidal nano-lipoproteins against a negative
background. NDMT5 was further used to check for the
characteristic transition temperatures obtained for nano-
discs through DSC. The thermogram in Supporting Infor-
mation Figure S1(b) shows a broad phase transition, typi-
cal for nanodiscs, with a pretransition temperature at 24°C
and transition temperature at 27.6°C. Both temperatures
corresponded well with the phase transition temperatures
previously reported for DMPC nanodiscs.2® DLS was fur-
ther used to confirm the purity and to quantitatively dif-
ferentiate our five preparations. An overlay of the normal-
ized particle size distributions by volume is shown in Fig-
ure 3(a) with samples homogeneity ranging from 100 to
99.8%. The table shown as inset in Figure 3(a) gives the
mean Stokes diameters ranging from 13.99 £ 2.02 nm for

NDMT1 (1.65 mg/mL) to 11.99 + 1.65 nm for NDMT5
(24 mg/mL). This correlates well with the originally
reported diameter of 12 nm for MSP1E3D1 discs.!8

The above results raise an interesting question as to why
discs, prepared by the same method varying only in the
amount of MSP bound per milliliter of resin, gave different
mean diameters. Hence, we sought to analyze the disper-
sity of our samples by measuring the diameters of the indi-
vidual discs over an entire electron micrograph using
Image] software.2” 646 and 443 nanodiscs were respec-
tively used for the two extreme samples, NDMT1 and
NDMTS5. Figure 3(b) shows the frequency distribution
data, and Figure 3(c) shows the normalized curves fitted to
this data. This clearly indicates that the NDMT5 prepara-
tion is more monodisperse than NDMTI. In electron
micrographs the orientation of nanodiscs, deposition of
stain around them along with the granular negative back-
ground leads to artifacts in defining the edges of the speci-
men at higher magnifications.28 Hence, the populations
were distributed around slightly bigger diameters as seen
from the x-axis. Nonetheless, these systematic artifacts do
not affect the assessment of population dispersity.

On-column incorporation of target IMPs into
nanodiscs, two case studies

The primary aim behind making nanodiscs was to
incorporate target membrane proteins. This was efficiently
achieved by using the on-column method. Two types of
proteins are involved in the process, MSP, which forms the
outer layer covering the disc; and a target protein, which is
encapsulated within the disc. Thus, two potential
approaches could be envisioned: (i) resin immobilized
MSP is mixed with the target protein forming nanodiscs
bound to the resin through MSP as shown in Figure 1(b),
or (i) resin immobilized target protein is mixed with MSP
forming nanodiscs bound to the resin through the target
protein as shown in Figure 1(c). We have used bR to dem-
onstrate the first approach and MBP-fused integrin oy, for
the second. It is worthwhile to note that the second
approach has been uniquely applied before for reconstitut-
ing anthrax toxin pore into nanodiscs.2?

Bacteriorhodopsin in nanodiscs

Bacteriorhodopsin (bR) in purple membrane was puri-
fied as described elsewhere22 and solubilized overnight in
4% Triton X-100.30 It was mixed with MSP bound to
Ni-NTA  resin in a  previously  optimized
MSP1E3DI:bR:DMPC ratio of 2:3:160.23 Figure 4(a)
presents the overlay of the chromatograms obtained from
SEC on Superdex 200 column for NDbR (bacteriorho-
dopsin-containing nanodiscs) and NDMT (empty nano-
discs) monitored at 280 nm. In addition, NDbR was
monitored at 575 nm, a characteristic absorption wave-
length for bR. The peak containing NDbR is shown by
the asterisk sign to separate it from the other smaller
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Figure 4

(a) Size exclusion chromatography showing NDbR (green) and NDMT
(blue) at 280 nm and NDbR (black) at 575 nm. (b) TEM image of
NDDbR negatively stained with 1% uranyl acetate. (c) SDS-PAGE analysis
showing: lane 1, bacteriorhodopsin (bR); lane 2, nanodiscs containing
bacteriorhodopsin (NDbR); lane 3, protein ladder (L); and lane 4,
MSP1E3D1 (MSP).

peaks corresponding to higher order aggregates. The shift
in elution volumes for the two chromatograms is around
2 mL. This corresponds to a difference in molecular
weight of approximately 75 kDa, roughly indicating a
homotrimeric arrangement of bR molecules within a sin-
gle nanodisc as has been previously reported.23 In addi-
tion, when the fractions were pooled and concentrated,
the sample exhibited a light purple color with two ab-
sorbance maxima at 280 and 556 nm as compared to the
empty discs with a single absorption maximum at 280
nm (data not shown). Furthermore, TEM confirmed the
formation of discs as indicated by the presence of discoi-
dal particles in the electron micrograph [Fig. 4(b)]. SDS-
PAGE analysis confirmed the presence of bR within
nanodiscs as seen from lane two in Figure 4(c) showing
two bands: one, with MW of about 23 kDa, correspond-
ing to bR shown also as a control in lane one; and the
second, with a MW of about 28 kDa, corresponding to
MSPIE3D1 also shown as a control in lane four. Each
lane was compared against lane three representing molec-
ular weight markers. In conclusion, we were successful in
reconstituting bR within nanodiscs on Ni-NTA resin.

Integrin o, transmembrane and cytoplasmic domains in
nanaodisc

We used MBP fused transmembrane and cytoplasmic
domains of integrin ayy, (A2b) for this strategy. After lys-

6 PrROTEINS

ing the cells the protein was left bound to the amylose
resin to which we directly added MSP and lipids in a
MSPIE3D1:A2b:DMPC ratio of 1:0.5:160. This ratio was
calculated on the basis of having one oy, molecule per
disc. Two types of discs were formed during this process:
empty discs and protein incorporated discs. The discs
containing ayy, stayed bound to amylose resin through
the MBP tag while empty discs which were unable to
bind got washed out in the flow-through. Next, discs
containing oy, were eluted using maltose. The flow-
through and elution fractions were run on Superdex 200
column. As a control, empty discs prepared using Sligar’s
protocol was also run on the column. Figure 5(a)
presents an overlay of the chromatograms obtained from
these samples. The peak containing ayy, discs are shown
by the asterisk sign to separate it from the other higher
order aggregates. As expected, both the flow-through
peak and the empty disc prepared as a control had the
same elution volume. The peak corresponding to the oy,
disc was shifted from the flow-through by approximately
3 mL, correlating with an increase in MW of about 100
kDa. This suggests that there are roughly two oayp, (52
kDa each) molecules per nanodisc, an interesting obser-
vation consistent with the previous reports for oyp,-
TMCD homo dimerization in dodecyl-phosphocoline
micelles.3! Again, TEM confirmed the formation of discs
as indicated by the presence of discoidal particles in the
electron micrograph [Fig. 5(b)]. SDS-PAGE analysis

—— NDA2b
——NDA2b FT
- NDMT

(=2
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Figure 5

(a) Size-exclusion chromatography showing NDA2b (green), NDA2b
flow-through (solid blue) and the control NDMT (dashed blue). (b)
TEM image of NDA2b negatively stained with 1% uranyl acetate. (c)
SDS-PAGE analysis showing: lane 1, protein ladder (L); lane 2,
MSPIE3D1 (MSP); lane 3, nanodisc containing MBP-integrin oy,
(NDA2b); and lane 4, MBP-integrin oy, (A2b)
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confirmed the presence of ayy, within nanodiscs as seen
from lane three in Figure 5(c) showing two bands: one,
with MW of about 50 kDa, corresponding to MBP-integ-
rin ayp, shown also as a control in lane four; and the sec-
ond, with a MW of about 28 kDa, corresponding to
MSP1E3D1, shown also as a control in lane two. Each
lane was compared against lane one representing molecu-
lar weight markers. In conclusion, we successfully incor-
porated MBP-fused integrin op,-TMCD into nanodiscs
on amylose resin, with the concurrent separation of
empty and protein incorporated discs, in a single purifi-
cation step.

Minimal nanodiscs
Preparation

The overall diameter of nanodiscs is governed by the
length of the outer coat protein, MSP. We created smaller
discs by shortening the length of MSP. The popularly
employed constructs of MSP, MSP1D1 and MSP1E3D1,
differ in the addition of three helical repeats in the center
of the protein presuming the possible interaction of ter-
minal helices in the formation of nanodisc. Hence we
created C-terminal deletion mutants to additionally as-
certain the importance of these interactions. For the sake
of simplicity, we will refer to the different sized MSPs as
“D” followed by the number of helical repeats. So, the
two types of nanodiscs made from the existing
MSP1E3D1 and MSP1DI1 are called D13 and D10 as they
have 13 and 10 helical repeats, respectively. We will focus
on the MSP truncation mutants with five, six, and seven
helical repeats [Fig. 6(a)], where major differences in the
disc size were observed. Discs were prepared from each
of these mutants in an optimized (data not shown) MSP
to DMPC ratio of 1:30 and analyzed on Superdex 200
column. The chromatograms obtained were overlaid for
comparison. Interestingly, instead of a continuous reduc-
tion in the discs size following successive truncation of
MSP, a limit was reached at D7. After this point, the
discs sizes increased with any successive deletion of heli-
ces. D7 discs, with the smallest size, have the lowest elu-
tion volume followed by D6 discs with two peaks, one
close to the elution volume of D7 and the other to D5
[Fig. 6(b)]. To confirm that the peak fractions indeed
contained nanodiscs we performed TEM. Supporting In-
formation Figure S2 shows the presence of discoidal
nano-lipoproteins against a negative background for each
of the D5, D6, and D7 discs. The D7 discs were further
characterized by DLS giving a mean diameter of 7 nm
[Supporting Information Fig. S3(a)]; and SEC on a
Superdex 75 column giving a molecular weight of 62
kDa [Supporting Information Figure S3(b)], which is in
good accordance with the molecular weight of two D7
MSP (17.7 kDa each) and a bilayer of 40 DMPC mole-
cules (0.67 kDa each).

msp NUMBER OF HELICES

D13 = HisTEV-HO.5-H2 - H3 - H4 - H5 - H6 - H4 - H5 - H6 - H7 - H8 - H9 - H10.

(MSP1E3D1)

DI0 = HisTEV- HOS - H2- H3- HA- HS - HG - HT - H- HO - HAO,
(MSP1D1)
D7 = HisTeV-H0.5-H2-H3-H4-H5- H6 - H7.
D6 = HisTEV-HO.5-H2 - H3- H4 - H5 - H6,
D5 = HisTEV-H0.5-H2 - H3 - H4 - H5.
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(a) Comparison of the different MSP mutants created by deletion of its
terminal helices. (b) Overlay of the chromatograms obtained from size
exclusion chromatography of discs prepared with different MSP mutants.

NMR spectra

Our major goal behind developing smaller discs was to
use them for studying integral membrane proteins by so-
lution NMR. We incorporated integrin ayy into our
smallest D7 discs using the on-column method at an op-
timum MSP:a;,:DMPC ratio of 1:0.5:20. To show that
nanodiscs can be successfully used for solution NMR, we
obtained '"N-TROSY-HSQC spectra for integrin oy,-
TMCD incorporated into D13, D10, and D7 discs on an
800 MHz spectrometer. Although we did not see much
difference between the D13 and D10 spectra (data not
shown), significant improvement in spectrum quality was
observed for D7 when compared to D13 discs. All amide
peaks in the spectra could be divided in two major
groups. Group I peaks represent the amides belonging to
the cytoplasmic (~13 amino acids) and extracellular (9
amino acids) parts of the protein which, as a result of
fast local motion, are equally sharp in both spectra (Fig.
7). Group II peaks, corresponding to ~20 transmem-
brane and ~8 membrane-proximal amino acids, are
much broader, reflective of the longer overall rotational
correlation time of the larger disc complex. The spectrum
improvement obtained in smaller discs is associated with
this group: some peaks, which are almost scarcely visible
in D13 discs (shown by boxes), become much more
prominent in D7 discs; while the others (shown by
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Figure 7

15N TROSY-HSQC obtained from integrin oyp,-TMCD incorporated into larger D13 (MSP1E3D1) discs (left) and smaller D7 discs (right). Boxes

represent peaks with increased intensity while arrows represent new peaks.

arrows) only appear in D7 discs bringing the overall
number of peaks to an expected value of ~50. Interest-
ingly, even among these broader peaks in D7 discs we
observe noticeable heterogeneity in the peak widths,
which is possibly an indication of some residual local
motion associated with the depth of membrane insertion.
We have further analyzed the line-width differences in "H
dimension for the two spectra using CCPN Analysis soft-
ware,2> and confirmed the improvement as exemplified
by the table presented in Supporting Information Figure
S4 for several well resolved peaks. Though significant, the
accomplishments with the smaller discs come with the
caveat of having an incomplete understanding of its mor-
phology and bilayer properties at such low lipid concen-
trations. We additionally measured the longitudinal and
transverse relaxation rates of the acyl chains in the
DMPC lipids within nanodiscs (-(CH,),- peak at ~1.3
ppm). We found approximately a 1.6-times reduction in
the overall rotational correlation times (t.) of the two
disc complexes (T1/T2 ratio in DI3 discs of ~55 is
reduced to ~35 in D7 discs).
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DISCUSSION

Our interest in nanodiscs as a suitable membrane mi-
metic for studying membrane proteins using solution
NMR led us to develop a simplified method for their
preparation. In this method, the entire preparation
occurs in a single purification step. Nanodiscs are formed
bound to the resin and are eluted directly from the col-
umn. MSP’s tendency to aggregate at higher concentra-
tions in solution!8 is circumvented in our method where
high concentration of MSP is achieved due to the large
binding capacity of the resin. As the result, more concen-
trated discs samples are prepared in lower reaction vol-
umes. Although the binding of MSP to the resin is ran-
dom, its distribution across the volume of resin is
directly proportional to the concentration. Thus, it would
be logical to imagine that some MSP molecules are held
further apart at lower concentrations than at higher ones.
We suspect that this forced physical separation might
lead to the formation of some discs with slightly larger
diameters than regular optimal ones. NDMT1 and
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NDMTS5 samples have respectively the lowest and highest
concentration of protein bound per milliliter of resin.
The frequency distribution data [Fig. 3(b)] obtained for
NDMT1 clearly shows the presence of a heterogeneous
population distribution when compared to NDMTS5. This
explains why the average mean diameter obtained from
the DLS experiment is higher for NDMT1 over NDMTS5.
Although more rigorous experimentation could explain
what exactly led to this population dispersity, our experi-
ments clearly indicate that NDMT5 (having the highest
protein concentration per volume of resin) produces
more homogenous and monodisperse nanodisc prepara-
tion than NDMT1. Thus, the use of higher protein con-
centration bound per milliliter of resin is preferable for
obtaining a homogenous preparation of nanodiscs. DSC
thermogram obtained for NDMT5 shows the characteris-
tic broad phase transition [Supporting Information Fig.
S1(b)], with transition temperatures identical to the ones
previously reported for nanodiscs.2® Since there is no
observed difference in bilayer characteristics of nanodiscs
produced by the two methods, replacement of the chlo-
roform solubilized DMPC with its powdered form
worked really well and seems like a feasible alternative.
Given the stability of resin beads at different tempera-
tures, this method can be extended to other lipids like
DPPC or POPC; which in combination with different
MSP constructs, will make our method applicable over
the entire catalog of nanodiscs.

The major advantage of our on-column method is
highlighted while incorporating proteins within nano-
discs. Not only do we achieve a rapid, single step, ho-
mogenous preparation but we do so with the concurrent
separation of protein incorporated discs from the empty
discs. This is beneficial as it improves the yield by reduc-
ing the number of purification steps, providing a more
pure homogeneous sample, typically required for struc-
tural studies, in a shorter period of time. A quick graphi-
cal comparison of the two methods as shown in Support-
ing Information Figure S5 clearly delineates the advan-
tages of our method. To test the robustness of the
presented method, we used different target proteins to
exemplify the two strategies for incorporating membrane
proteins within nanodiscs.

The first strategy entails the formation of protein
incorporated discs bound to the resin through MSP. We
used bR, a well-characterized protein within nanodiscs,
as a target protein to demonstrate the feasibility of this
approach. The washing step removed free lipids and any
unincorporated bR. Following elution, SEC confirmed
the absence of the empty discs through the comparison
of the UV absorption profiles at 280 and 575 nm.

However, it was difficult to separate the reconstituted
discs from the empty ones due to their similar sizes. This
drawback was overcome by our second strategy where
the protein incorporated discs are formed bound to the
resin through the target protein. We used MBP tagged

transmembrane and cytoplasmic domains of integrin ay,
as our target protein to demonstrate this case. The amy-
lose resin selectively binds to the MBP tagged protein.
Since MSP lacks the MBP tag it cannot bind to the resin.
This feature helped in the removal of unincorporated
MSP and empty discs along with free lipids during the
washing step. Integrin oy, containing discs could then be
eluted either by using maltose or by cutting the MBP tag
with TEV protease. The latter approach was used when
preparing samples for solution NMR studies.

A limiting factor affecting the study of membrane pro-
teins within any system using solution NMR lies in the
effective size of the entire complex. Thus we developed
smaller discs to achieve shorter rotational correlation
time. Since all the deletion mutants formed nanodisc, it
implies that interaction of terminal helices are not crucial
for the formation of discs. MSP mutant containing seven
helical repeats produced the smallest nanodisc. Any fur-
ther reduction in the helical repeats led to a successive
increase in the size of the nanodisc. Interestingly, D5
discs, formed with MSP containing five helical repeats,
were similar in size to D10 discs, containing MSP with
10 helical repeats. The larger size of D5 discs insinuates
the possibility of having more than two MSP proteins
per nanodisc. The above pattern of disc formation with
several separate helical peptides derived from MSP possi-
bly explains the self-assembly of 30 nm “macrodiscs”
developed as an alignment media for residual dipolar
coupling experiments.1® The advantage of our smallest
D7 discs, with a size of 7 nm and molecular weight of 62
kDa, as compared to D13 (MSP1E3D1) discs, (size of 12
nm and molecular weight of 275 kDa), is clearly evident
from the presented "N TROSY-HSQC data. The
improvements in line-width are associated with the
broadest peaks in the spectrum, corresponding to the
amides within the lipid bilayer as confirmed by relaxation
measurements showing the reduction in overall rotational
correlation time. Clearly, with such relatively large system
deuteration of lipids and incorporated proteins would be
required to avoid unwanted dipolar—dipolar interactions.
In our view, D7 discs provide a suitable system for struc-
tural investigation of small integral membrane proteins
as exemplified by their application to integrin ayy, trans-
membrane and cytoplasmic domains.

CONCLUSIONS

Through our study presented in this article, we have
developed nanodiscs with the size optimal for structural
studies using solution NMR. This has been confirmed by
the significant improvement in the spectrum quality of
aqp, integrin TMCD incorporated into the newly devel-
oped minimal nanodiscs. Furthermore, we have devel-
oped an on-column method for making protein incorpo-
rated nanodiscs. Through this method one could achieve
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a single-step preparation of discs both in higher concen-
tration and purity typically required for structural stud-
ies. The sole deterrent towards using the on-column
method used to be the uncertainty regarding the exact
concentration of MSP governing the ratio of protein to
lipids. In this article, we presented the experimental evi-
dence, through the preparation of several different types
of nanodiscs, that this self-assembly system is extremely
robust and can very well tolerate any slight discrepancies
in concentrations.
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