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Abstract

We engineered covalently circularized nanodiscs (cNDs) with enhanced stability, defined diameter
sizes and tunable shapes. Reconstitution into cNDs enhanced the quality of NMR spectra for both
VDAC-1, a beta-barrel membrane protein, and the G protein-coupled receptor NTR1, an alpha-
helical membrane protein. In addition, we utilized cNDs to visualize how simple, non-enveloped
viruses translocate their genomes across membranes to initiate infection.

Phospholipid bilayer nanodiscs provide a detergent-free lipid bilayer model, enabling
biochemical and biophysical characterization of membrane proteins in a physiologically
relevant environment?. A traditional nanodisc is composed of a nanometer-sized
phospholipid bilayer patch encircled by two copies of an a-helical, amphipathic membrane
scaffold protein (MSP)2 3. MSPs are truncated forms of apolipoprotein Al (apoA1), which
is the major protein component of high-density lipoprotein. To date, however, the utility of
this system for structural studies has been limited by the heterogeneity in size and the
number of membrane proteins enclosed, and only small nanodiscs could be constructed with
the currently available protein scaffolds*~". To resolve these problems we developed three
different methods to covalently link the N and C termini of newly engineered variants based
on apoAl, and produced nanodiscs with a large range of discrete sizes and defined
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geometric shapes. The protein constructs we used contain the consensus sequence
recognized by sortase A (LPGTG) near the C terminus and a single glycine residue at the N
terminus (Fig. 1a and supplementary Note 1). These two sites are sufficient to ensure
covalent linkage between the N and C termini of a protein® while still conserving the
function to form nanodiscs.

First, we used a NW11 construct, which assembles an 11 nm nanodisc, to optimize the
circularization over a Cu* chip (Fig. 1b). In this scheme, the Cu?* is saturated with un-
circularized NW11 protein prior to evolved sortase® addition. Upon successful completion,
the circularized NW11 (cNW11) is liberated to the solution and can be further purified via
reverse nickel affinity chromatography. Reaction completion was confirmed by SDS-PAGE
and tandem mass spectrometry (MS/MS) (Fig. 1c, d). Next, we tested whether the final
circularized product was still capable of assembling nanodiscs. Indeed, cNW11 assembled
nanodiscs, and the acquired electron microscopy (EM) images revealed more uniformly
sized nanodiscs as compared to nanodiscs assembled with the linear counterpart (Fig. 1e).

Even though circularization over the surface of a Cu?* chip usually results in a very clean
final product, the approach is limited to small-scale production of circularized protein. In
order to scale up the production of cNW11, we developed a modified approach by
performing the circularization reaction over nickel beads (Supplementary Fig. 5a). To further
increase the yield of cNW11, we developed a third method of performing the circularization
reaction in solution (Supplementary Fig. 5b and Supplementary Protocol), and produced
milligram quantities of cNW11 that is > 95% monomeric. Moreover, we created an array of
higher molecular weight circularized species and used them to assemble larger nanodiscs (up
to 80 nm in diameter) of well-defined, circular and polygonal shapes (Supplementary Figs
5-7 and Supplementary Note 2).

Comparisons of proton relaxation rates of lipid resonances in empty cNW9 and
MSP1D1AHS5 nanodiscs? indicate more restriction imposed on the lipids inside cNW9
nanodiscs by the covalently circularized belt protein (Supplementary Fig. 8). This could
partially explain the enhanced thermal stability of circularized nanodiscs as compared to the
conventional ones (Supplementary Fig. 9). In addition to the improved thermal stability, we
show that covalent circularization enhances the proteolytic stability of nanodiscs
(Supplementary Fig. 10).

With the characterization of the circularized nanodiscs (cNDs) in place, we prepared

[ U-2H,15N] labeled VDAC-1 in cNW9 and cNW11 nanodiscs in order to incorporate one or
two copies of the channel, respectively, and recorded 2D *H-15N TROSY HSQC spectra at
45°C (Fig. 2a—d). Earlier preparations with open nanodiscs resulted in undefined numbers of
embedded VDAC-1 molecules, which yield inconsistent NMR spectra due to sample
heterogeneity®. Our new data exhibit enhanced signal intensities and spectral resolution
compared to previously reported NMR spectra of VDAC-1 in nanodiscs®. The 1H-15N-
TROSY HSQC spectra recorded for [ (-2H,15N] labeled VDAC-1 in cNW9 and cNW11
nanodiscs are significantly different, suggesting conformational differences and/or
intermolecular contacts between the monomer and dimer forms of membrane-embedded
VDAC-1. These experiments demonstrate the power of the cND approach to control the
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oligomeric state of dynamically interacting proteins for structural studies. Moreover, the
observed stability and quality of NMR spectra of VDAC-1 in cNDs at 45°C are dramatically
better than those obtained with nanodiscs formed with linear MSPs. (Supplementary Fig.
12), and will greatly facilitate NMR assignments of VDAC-1. We next acquired a 1H-15N-
TROSY HSQC spectrum of a 1°N-labeled, signaling-competent variant of rat neurotensin
receptor 1 (NTR1) in cNW9 nanodiscs (Fig. 2e,f). Again, the cND sample was stable at
45°C for longer than 10 days, which enabled us to test binding of a heterotrimeric G protein
composed of Gaj1, GB1, and Gy to cND-embedded NTR1, which resulted in numerous
spectral changes. We believe that the cNDs will greatly facilitate the study of different
dynamic events upon ligand binding in a near-native membrane environment, which may be
critical for understanding the GPCR-mediated signal transduction process.

Next, we utilized the cNW50 nanodiscs as a model membrane to study the question of how
simple non-enveloped viruses transfer their genomes across membranes to initiate infection.
Unlike enveloped viruses, non-enveloped viruses lack an external membrane, and the
delivery of their genome into cells requires translocation across a membrane to gain access
to the inside of the host cell1%: 11, Although there are now several model systems being used
to study this process, the mechanism of genome translocation remains poorly understood!?,
and a more detailed structural analysis of the membrane-associated forms of the cell-entry
intermediates is required. So far, mechanistic insights have been limited, due in part to
technical difficulties involved in direct visualization of viral gene delivery and size
heterogeneity of liposomes. The availability of large nanodiscs of a defined size encouraged
us to pursue studies that could provide structural information at a resolution sufficient to
gain insights into the mechanism of RNA translocation. As a proof of principal we have used
the cNW50 nanodiscs to visualize the RNA-translocation pore of poliovirus.

Poliovirus (~30 nm diameter) is the prototype member of the enterovirus genus of the
picornavirus family, which are positive-sense, single-stranded RNA viruses with ~7500b
genomes enclosed by an icosahedral capsid, and lacking an envelopel3. Viral infection is
mediated by a specific receptor, CD155 (also known as the poliovirus receptor, PVR)14.
Upon raising the temperature from 4°C to 37°C the receptor catalyzes a conformational
rearrangement and expansion of the virus particle. The expanded virus is then endocytosed
by a non-canonical, actin-independent pathway!®, and the RNA is released across the
endosomal membrane. A 50-nm nanodisc is sufficiently large to accommodate multiple
CD155 copies and has enough surface area to act as a surrogate membrane for the RNA-
translocation complex during viral uncoating (Fig. 3a). Similar to studies that used
liposomes6-18 50-nm nanodiscs containing lipids derivatized with a NTA nickel-chelating
head group were generated and functionalized with the His-tagged CD155 ectodomain. The
receptor-decorated nanodiscs were incubated with poliovirus for 5 minutes at 4°C. The
complex was then heated to 37°C for 15 minutes to initiate receptor-mediated viral
uncoating (Fig. 3b). Negative-stain EM confirmed virus binding to the CD155-decorated
nanodiscs and subsequent insertion of viral components into and across the membrane (Fig.
3c). Additionally, the negative-stain EM images indicated that the virus started to form a
pore in the nanodisc. To obtain a view of the molecular interactions involved in the RNA-
translocation complex as well as to elucidate in more detail the formation of a pore, we
conducted cryo-EM studies using an FEI Polara electron microscope. Figure 3d and
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Supplementary Figure 13 show the dark RNA-filled virus next to the slightly larger 50 nm
nanodisc. The nanodisc is tilted in Figure 3e and tethered to the virus in Figure 3f. We were
able to visualize the formation of a putative pore inside the nanodiscs (Fig. 3g, h), through
which the virus ejects its RNA. The identities of the pore forming proteins are currently
being determined. The availability of the circularized 50-nm nanodiscs greatly facilitates
imaging as compared to using liposomes because the nanodiscs are more homogenous in
size and shape, and allow for the use of a thinner ice layer. Also, RNA can be visualized
more easily in the absence of large liposomal membranes. In order to reduce complexity
even further, we used cNW30 nanodiscs (~15 nm) decorated with CD155. Surprisingly, the
virus also tethers to this smaller nanodisc (Fig. 3i), and ejects RNA, leaving an empty viral
capsid behind (Fig. 3j and Supplementary Fig. 14). Three-dimensional reconstruction of
these complexes will be challenging and is beyond the scope of this study. However, the
quality of the data collected on the virus-nanodisc complexes represents a vast improvement
over data previously used to obtain low-resolution structural models of the translocation
complex using the receptor-decorated liposome modell?, and we are confident that the
nanodisc model will allow determination of structures with greatly improved resolution and
quality.

In conclusion, we have demonstrated the construction of covalently circularized nanodiscs
with a wide range of geometric shapes and sizes. The ability to make stable cNDs at
multiple defined sizes up to 80 nm diameter provides tools to tightly embed much larger
membrane proteins or their intra- and extra-membrane complexes than previous nanodisc
systems have allowed. Moreover, we have shown that the newly engineered covalently
circularizable scaffold proteins produce nanodiscs with high homogeneity in size and shape
and with significantly improved stability compared to non-circularized forms, both of which
would greatly facilitate their use for NMR and cryo-EM. We have demonstrated the utility of
this model system to probe an outstanding question in the field of virology, and believe that
the system will be similarly enabling for the structural and functional study of other large
protein/membrane complexes.

ONLINE METHODS

We provide a Supplementary Protocol that includes detailed step-by-step instructions for the
production of NWs proteins, circularization reaction and nanodisc assembly. Additionally,
materials will be available upon request.

Expression of NW9, NW11, NW30 and NW50

NW9, NW11, NW30 and NW50 (all in pET-28a) containing a tobacco etch virus (TEV)
protease-cleavable N-terminal Hisg tag and a C-terminal sortase-cleavable Hisg tag were
transformed into BL21-Gold (DE3) competent £. coli cells (Agilent). 3L cell cultures were
grown at 37°C, with agitation at 200 rpm in Luria broth (LB) medium supplemented with 50
ug/ml Kanamyecin. Expression was induced at an ODggg of 0.6 with 1 mM IPTG and cells
were grown for another 3 hours at 37°C (NW9 and NW11) or 16 hours at 18°C (NW30 and
NWS50). Cells were harvested by centrifugation (7000x g, 15 minutes, 4°C) and cell pellets
were stored at —80°C.
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Purification of NW9 and NW11

Pellets of cells expressing NW9 or NW11 were resuspended in lysis buffer (50 mM Tris-
HCI, pH 8.0, 500 mM NaCl, 1% Triton X-100) and lysed by sonication on ice. Lysate was
centrifuged (35,000xg, 50 minutes, 4°C), and the supernatant was loaded onto a Ni2*-NTA
column. The column was washed with lysis buffer then with buffer A (50 mM Tris, pH 8.0,
500 mM NacCl). To recover additional protein from the insoluble fractions, the pellets
recovered from lysate centrifugation were dissolved in denaturing buffer (50 mM Tris, pH
8.0, 500 mM NaCl, 6M guanidine hydrochloride), centrifuged (35,000x g, 50 minutes, 4°C),
and the supernatant was applied to the same Ni2*-NTA column containing bound protein
from the soluble fraction. The column was washed with denaturing buffer, and NW9 and
NW11 were refolded on-column with 10 column volumes (CV) buffer A. Resin was then
washed with 10 CV of the following buffers: buffer A + 1% Triton X-100, buffer A + 50
mM sodium cholate, buffer A, and buffer A + 20 mM imidazole. Proteins were eluted with
buffer A + 500 mM imidazole, TEV (Hisg-tagged; produced in-house) was added to cleave
the N-terminal Hisg tag, and the samples were dialyzed against 50 mM Tris-HCI, pH 8.0,
100 mM NaCl, 1 mM EDTA, 2 mM DTT at 4°C for 16 hours. NW9 and NW11 (still
containing a C-terminal Hisg tag) were exchanged into nanodisc-assembly buffer (50 mM
Tris-HCI, pH 8.0, 500 mM NaCl, 0.02% NaN3) using Centricon concentrators (10 kDa MW
cutoff, Millipore).

Purification of NW30 and NW50

NW30 and NW50 were purified under denaturing conditions and refolded as follows. Pellets
of cells expressing NW30 or NW50 were resuspended in denaturing lysis buffer (50 mM
Tris-HCI, pH 8.0, 500 mM NaCl, 6M guanidine hydrochloride) and lysed by sonication on
ice. Lysate was centrifuged (35000x g, 50 minutes, 4°C), and the supernatant was loaded
onto a Ni2*-NTA column. Resin was washed with 10 column volumes (CV) of denaturing
lysis buffer to remove unbound proteins, and NW30 and NW50 were refolded on-column
with 10 CV buffer A (50 mM Tris HCI, pH 8.0, 500 mM NacCl). Resin was washed with 10
CV of the following buffers: buffer A + 1% Triton X-100, buffer A + 50 mM sodium
cholate, buffer A, and buffer A + 20 mM imidazole. Proteins were eluted with buffer A

+ 500 mM imidazole, TEV protease was added to cleave the N-terminal Hisg tag, and
samples were dialyzed against 50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 2 mM
DTT at 4°C for 16 hours. NW30 and NW50 (still containing a C-terminal Hisg tag) were
further purified by size exclusion chromatography (SEC; Superdex 200 16/60 [GE
Healthcare] equilibrated in 20 mM Tris-HCI, pH 7.5, 500 mM NaCl, 50 mM sodium
cholate, 0.5 mM EDTA). SEC fractions containing NW30 and NW50 were further purified
over Ni2*-NTA resin to remove truncation products (which lack a C-terminal Hisg tag).
Purified proteins were exchanged into nanodisc assembly buffer (50 mM Tris HCI, pH 8.0,
500 mM NacCl, 0.02% NaN3) using Centricon concentrators (30 kDa MW cutoff, Millipore).

MSP circularization

A 50 mL reaction was prepared with 10 pM NWs and 5 pM (final concentrations) freshly
made evolved sortase (Addgene plasmid # 75144, a gift from David Liu) in 300 mM Tris-
HCI, pH 7.5, 150 mM NaCl, and 10 mM CaCl,. The reaction was incubated at 37°C for 3-4
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hours or at 4°C overnight with gentle shaking on a rotating platform. A covalent sortase
inhibitor AAEK220 was added to a concentration of 500 pM, and the solution was incubated
for another 30 minutes at room temperature with gentle shaking. Proteins that did not
undergo circularization were removed by binding to a Ni2*-NTA column. Circularized NWs
(cNWs) were further purified by size-exclusion chromatography (Superdex 75 16/60)
equilibrated in buffer containing 20 mM Tris-HCI, pH 7.5, 500 mM NaCl containing 50 mM
sodium cholate or 1 mM dodecyl-p-D-maltoside (DDM). Purified protein was exchanged
into buffer Ajx (20 mM Tris, pH 8.2, 1 mM DDM) using centricon concentrators (10 kDa
MW cutoff, Millipore) and was then applied to a Resource Q column equilibrated with the
same buffer (buffer Ajy). A linear salt gradient from 0-60 % buffer Bjx (20 mM Tris, pH 8.2,
1 mM DDM, 1M NaCl) was applied. Circularized proteins were eluted around 150-200 mM
NaCl.

Reconstitution of cNW11, cNW30 and cNW50 nanodiscs

cNWs:lipid ratios of 1:60, 1:75, 1:1000 and 1:4000 were used to assemble cNW9, cNW11,
cNW30, ctNW50 nanodiscs, respectively. Lipids (POPC:POPG 3:2, solubilized in sodium
cholate) and cNWs were incubated on ice for 1 hour. After incubation, sodium cholate was
removed by incubation with Bio-beads SM-2 (Bio-Rad) for 1 hour on ice followed by
incubation overnight at 4°C. The nanodisc preparations were filtered through 0.22 pm
nitrocellulose-filter tubes to remove the Bio-beads. The nanodisc preparations were further
purified by size-exclusion chromatography while monitoring the absorbance at 280 nm on a
Superdex 200 10x300 column (for cNW9 and cNW11 nanodiscs) or Superose 6 10/300
column (for cNW30 and cNW50 nanodiscs) equilibrated in 20 mM Tris-HCI, pH 7.5, 100
mM NacCl, 0.5 mM EDTA. Fractions corresponding to the size of each nanodisc were
collected and concentrated. The purity of nanodisc preparations was assessed using SDS-
PAGE.

In vitro reconstitution of VDAC-1 into POPC/POPG or DMPC/DMPG nanodiscs

To assemble VDAC-1 into POPC/POPG nanodiscs, 15 uM of VDAC-1, 150 uM of cNW11
and 8.5 mM lipids (POPC:POPG 3:2, solubilized in sodium cholate) were incubated over ice
for 1 hour. To assemble monomeric VDAC-1 into DMPC/DMPG nanodiscs for NMR
experiments, 25 uM of VDAC-1, 175 pM of ctNW9, and 9.5 mM lipids (DMPC:DMPG 3:1)
were incubated for 1 hour at room temperature. To assemble dimeric VDAC-1 into DMPC/
DMPG nanodiscs for NMR experiments, 79 uM of VDAC-1, 75 uM of cNW11, and 3.75
mM lipids (DMPC:DMPG 3:1) were incubated for 1 hour at room temperature. After
incubation, detergents were removed by the addition of Bio-beads SM-2 (Bio-Rad) and
incubation for 1 hour on ice followed by overnight incubation at 4°C (POPC/POPG
nanodiscs) or overnight incubation at room temperature (DMPC/DMPG nanodiscs). The
nanodisc preparation was filtered through 0.22 um nitrocellulose-filter tubes to remove the
Bio-beads. To remove the VDAC-free nanodiscs, the sample was mixed with NiZ*-NTA
resin for 1 hour at 4°C. The resin bed volume was equal to the assembly mixture. The resin
was washed with buffer E (20 mM Tris-HCI, pH 8.0, 0.1 M NaCl, 20 mM imidazole).
Nanodiscs containing VDAC were eluted with buffer E containing 0.5 M imidazole. The
nanodisc preparation was further purified by size-exclusion chromatography while
monitoring the absorbance at 280 nm on a Superdex 200 10 x 300 or a 16/60 Superdex 200
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prep grade columns (GE Healthcare) equilibrated in buffer F (20 mM sodium phosphate, 50
mM NaCl, 5 mM DTT, 1 mM EDTA, pH 7.0). Fractions corresponding to the size of the
VDAC-nanodisc complex were collected and concentrated. The purity of VDAC-containing
nanodiscs was assessed using SDS-PAGE.

Production of NTR1 and reconstitution into DMPC/DMPG nanodiscs

Expression and the purification of a signaling-competent, thermo-stabilized variant of rat
neurotensin receptor 1 (termed HTGH4) were performed as described previously?1:22 with
some modifications. Briefly, the full-length fusion protein consisting of maltose-binding
protein (MBP), followed by a His tag, a 3C protease recognition site, NTR1, a second 3C
protease recognition site, thioredoxin (TrxA), and a His tag at the C terminus was purified
by Ni2* affinity chromatography. The purified full-length fusion protein was immediately
incorporated into DMPC:DMPG (3:1) cNW9 nanodiscs. The assembled nanodiscs were
subjected to Ni2* affinity chromatography to remove empty nanodiscs from the receptor-
containing nanodiscs utilizing the His tag of the fusion protein. The receptor-containing
nanodiscs were further purified by size-exclusion chromatography followed by incubation
with resin decorated with 3C protease-cleavable neurotensin peptide (pD-NT) to enrich for
nanodiscs containing correctly folded receptors. Next, the pD-NT column was incubated for
2 hours with His-tagged 3C protease (produced in house). The eluted proteins (neurotensin-
bound NTR1 in nanodiscs, MBP, TrxA and 3C protease) were subjected to another Ni
affinity chromatography followed by size-exclusion chromatography using a Superdex-200
10/300 column that was pre-equilibrated with running buffer containing 20 mM sodium
phosphate, pH 6.9, 50 mM NaCl, 5 mM DTT, 1 mM EDTA.

Heterotrimeric G protein (aj11y1) was expressed in Sf9 cells using a single baculovirus
encoding all three subunits as previously described?2 and purified following a published
procedure?3,

Negative-stain electron microscopy

Samples were prepared by conventional negative staining as described previously24. Briefly,
3.5 pl of nanodisc samples were adsorbed to glow-discharged, carbon-coated copper grids
and stained with 0.75% (w/v) uranyl formate. All EM images (except images for VDAC-1 in
cNW9 nanodiscs in Supplementary Figure 11) were collected with a Philips CM10 electron
microscope (FEI) equipped with a tungsten filament and operated at an acceleration voltage
of 100 kV. Images were recorded with a Gatan 1 K x 1 K CCD camera (Gatan, Inc.,
Pleasanton, CA, USA). Using EMAN software package2>, 9258 particles were selected from
69 images of VDAC-1 in ctNW9 nanodiscs (recorded at a magnification of 42,000x, defocus
value of —1.5 pm) and classified into 150 classes.

NMR spectroscopy

[ U-2H,15N] labeled VDAC-1 in DMPC:DMPG (3:1) nanodiscs (611 uM and 500 uM of
VDAC1 in ctNW9 and cNW11 nanodiscs, respectively) were prepared as described above in
NMR buffer (20 mM NaPOy4, 50 mM NaCl, 5 mM DTT, 1 mM EDTA, pH 7.0, 6%

D,0). 15N-TROSY HSQC data were collected at 45°C on a Bruker 800-MHz spectrometer
equipped with a TXO cryogenic probe. Data for VDAC-1 in ctNW9 and cNW11 nanodiscs
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were acquired with 48 and 96 scans, respectively, and 128 complex points in the 1N-indrect
dimension.

The 1°5N-TROSY HSQC spectrum of 40 uM 15N-labeled NTR1 in cNW9 nanodiscs was
acquired at 45°C on a Bruker 800-MHz spectrometer. Data were collected with 2048 scans
per FID and 36 non-uniformly sampled 1°N-dimension complex points (maximum point of
64). The 15N-dimension time domain data were reconstructed with hmsIST28 and processed
by NMRPipe software programs?’.

Cryo-electron microscopy

Statistics

A 3.5 pl droplet of the poliovirus-nanodisc complex was loaded onto a glow-discharged
holey carbon grid (Protochips, Morrisville, NC). Excess liquid was removed from the grid
surface before it was rapidly plunged into liquid ethane. Grids were transferred into an FEI
Polara electron microscope operating at an acceleration voltage of 300 kV. Micrographs
were acquired on a K2 Summit camera (Gatan, Pleasanton, CA) in super-resolution mode
using SerialEM28, whereby 25 frames were collected for a total dose of 30 electrons per
square Angstrom. These frames were aligned and averaged using motioncorr2.

We graphically display the distribution of diameters of the circularized and uncircularized
nanodiscs using box and whisker plots (Figure 1 and Supplementary Figure 4) and compared
the variances using a variance ratio test.

Availability of data

The data supporting the results of this paper are included within the paper (and its
supplementary files).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Circularized
<« protein

Covalently
circularized
nanodisc

cNW11 nanodisc

Un-circularized
nanodisc

NW11 nanodisc

Producing covalently circularized NW11 and nanodiscs. (a) A general outline of the
constructs that are used for making covalently circularized nanodiscs. (b) Outline of the
procedure for creating circularized proteins over a Cu?* chip. Immobilizing NW11 on the
Cu2* chip for circularization reduces the chances for head-to-tail linkage of two neighboring
NW11 molecules and also offers a quick reaction time. (c) SDS-PAGE analysis of NW11
before (lane 1) and after (lane 2) circularization. (d) MS/MS spectrum of a tryptic peptide of
cNW11 confirming the ligation of the N-terminal residues (GSTFSK) to the C-terminal
LPGTG motif. The b and y ions that were identified in the MS/MS spectrum are highlighted
in blue and red. MS/MS and intact mass data for other NWs constructs (cNW9, cNW30,
cNWH50) are provided in Supplementary Table 1 and Supplementary Figs. 1-3. (€)
Diameter distribution for nanodiscs made using circularized NW11 (top) and non-
circularized NW11 (bottom) and representative negative-stain EM images. In the box-and-
whisker plots, center lines show the means; box limits indicate the 25th and 75th percentiles;
whiskers g o down to 5 percentile and up to 95 percentile. Raw data (jittered along x for
clarity) are shown next to its representative plot. There is less variance in the lengths of
cNW11 compared to NW11 nanodiscs (p < 0.001). Diameter distributions for NW30,
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c¢NW30 and cNW50 nanodiscs are provided in Supplementary Fig. 4. Scale bars, 100 nm
(e).
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Heterotrimeric
G proteins

15N
[ppm]

Analysis of membrane proteins in different size nanodiscs. (a) 2D 1H-15N TROSY HSQC
spectrum of monomeric [(-2H,15N] labeled VDAC-1 in cNW9 nanodiscs. (b)
Representative image of negatively stained cNW9 nanodiscs containing single VDAC-1
channel (see also supplementary Fig. 11). The stain-filled channels appear as dark spot
inside the nanodisc. Right: SDS-PAGE analysis of cNW9 nanodiscs containing VDAC-1. (c)
2D 1H-15N TROSY HSQC spectrum of dimeric [-2H,15N] labeled VDAC-1 in ctNW11
nanodiscs. (d) Representative image of negatively stained cNW11 nanodiscs containing two

Nat Methods. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nasr et al.

Page 13

VDAC-1 channels. Right: SDS-PAGE analysis of ctNW11 nanodiscs containing VDAC-1.

(e) 1H-15N-TROSY HSQC spectrum of 40uM 1°N-labeled NTR1 in cNW9 nanodisc
acquired at 45°C on a Bruker 800MHz spectrometer. (f) Superimposed *H-15N-TROSY
HSQC spectra of 40uM 1°N-labeled NTR1 in cNW9 nanodisc before (red) and after (blue)
addition of purified heterotrimeric G protein composed of Ga.j1, GB1, and G+y;. The integrity
of the ctNW9 nanodiscs was not affected even though the G protein was added with a small
amount of DDM (the final DDM concentration was less than 10% of its critical micellar
concentration (CMC)). Scale bars, 50 nm (b, d).
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b

Poliovirus

Poliovirus Poliovirus

Nanodisc

Figure 3.
Poliovirus caught in the act. (a) Negative-stain EM of 50-nm circularized nanodiscs plus

poliovirus. A control (nanodiscs without CD155) is shown to illustrate the relative
dimensions of the 30-nm poliovirus and the 50-nm nanodisc. (b) Outline of the procedure
used to initiate poliovirus bridging and fusion with nanodiscs decorated with CD155. ()
Negative-stain EM images showing individual viruses tethered to nanodiscs. (d) Cryo-EM
image of 50-nm nanodiscs plus poliovirus. (e) Cryo-EM image showing a tilted view of 50-
nm nanodisc. (f) Cryo-EM images showing individual viruses tethered to nanodiscs. (g, h)
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Cryo-EM images showing the creation of a putative pore in the nanodisc by the poliovirus.
(i) Cryo-EM image showing three viral particles around a 15-nm nanodisc. (j) Cryo-EM
image showing individual viruses ejecting RNA after incubation with CD155-decorated 15-
nm nanodiscs. Scale bars, 100 nm (a, d, e, f, j) and 50 nm (g, h, i).
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