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Presentation of membrane proteins ...

... to host immune systems in a conformation-specific manner is a major challenge in
vaccine or antibody development. In their Communication on page 9866 ff., J. Guo, J. J.
Chou, et al. developed a method to address this challenge. They used a functionalized
nanoparticle as a substrate to guide the formation of proteoliposome that can

unidirectionally present many copies of membrane proteins. Wl L EY' VC H
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Abstract: Presentation of membrane proteins to host immune
systems has been a challenging problem owing to complexity
arising from the poor invivo stability of the membrane-
mimetic media often used for solubilizing the membrane
proteins. The use of functionalized, biocompatible nanopar-
ticles as substrates is shown to guide the formation of
proteoliposomes, which can present many copies of membrane
proteins in a unidirectional manner. The approach was
demonstrated to present the membrane-proximal region of
the HIV-1 envelope glycoprotein. These nanoparticle-sup-
ported liposomes are broadly applicable as membrane antigen
vehicles for inducing host immune responses.

The large majority of antibodies currently being developed
for therapeutic use target membrane-anchored or integral
membrane proteins. Presenting these proteins to immune
systems to induce antibodies is however a difficult problem, in
particular for those whose structural integrity can only be
preserved on the membrane. Several approaches have been
developed to address this problem. Liposomes are often used
as membrane protein carriers for inducing immune
responses.l!! During liposome formation, however, the protein
orientation is random. The unstable nature of liposome, that
is, its tendency to fuse with other cellular vesicles, could be
another source of risk in its application. Greater stability in
serum could be achieved using interbilayer-crosslinked multi-
lamellar vesicle (ICMV)-coated particles,”” but the technique
has not been demonstrated to incorporate transmembrane
proteins. Lipid nanodisc is another popular medium for
membrane proteins,””) and has been used previously in phage
display.’! But, nanodisc samples are generally difficult to
make in large quantities. Moreover, regular nanodiscs usually
can only contain 1-2 copies of protein owing to its small size
(10-15 nm in diameter),” and are thus not ideal for inducing
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strong immunogenic responses in vivo. It is also possible to
use mammalian cells to produce virus-like particles (VLP)
incorporating membrane proteins on the VLP membrane.!
The success of this approach, however, depends on the
efficiency of protein incorporation into VLP, which needs
laborious optimization for each target and often cannot be
controlled manually.

We sought to use nanoparticles as substrates to guide
proteoliposome assembly. By modifying nanoparticles with
functional moieties that specifically recruit affinity-tagged
membrane proteins in bicelles, we could form proteoliposome
around the nanoparticle where the proteins are presented in
a unidirectional manner. We have demonstrated this
approach, named supported proteoliposome for antigen
directed display (SPLANDID), for a membrane fragment of
the HIV-1 envelope glycoprotein (Env) encompassing the
transmembrane (TM) domain and the membrane-proximal
external region (MPER).

The design concept, illustrated in Figure 1a-d, is to
specifically recruit membrane proteins solubilized in lipid/
detergent bicelles (which closely mimic a lipid bilayer) to the
surface of a globular shaped nanoparticle, also referred to as
the substrate. As detergent is removed, the protein-containing
bicelles will grow on the substrate surface to form proteoli-
posomes. Nanoparticles can take on various forms and
compositions. For biological or medical applications, it is
important that the particles are biocompatible with no major
toxic or immunogenic risk to biological organisms. We
experimented with two different types of nanoparticles
(Figure 1a). One is natural polyphenol-stabilized gold nano-
particle (AuNP), which is solid and can be fabricated to
various sizes ranging from 3 to 50 nm by exploiting the
coordination and stabilization of gold ions with polyphenol
moieties.”! AuNPs are biocompatible and have been
approved by FDA as generally recognized as safe (GRAS)
and for drug use.’] Polyphenol moieties can be further
functionalized via their hydroxy groups and active carbon
sites.’] Another form of nanoparticle is the hollow DNA
buckyball assembled by DNA origami.'”’” DNAs are generally
non-immunogenic."'! A variety of modifications can be
incorporated into DNA during synthesis for functionaliza-
tion.

In our assembly method, membrane proteins are purified
and solubilized in bicelles composed of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) and 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DH4PC) (Supporting Informa-
tion, Experimental Procedures; Figure 1b). An affinity tag
is placed at the cytoplasmic end of the protein for directing
the protein to the nanoparticles. In the current study, this
affinity tag is a polyhistidine tag (Hiss-tag), and the functional
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Figure 1. lllustration of nanoparticle-supported proteoliposome for unidirectional presentation of mem-
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£ increased to —36 mV after
conjugation with lysine-NTA
and increased further to
—20.1 mV after addition of
Ni?*, as a result of modification
of polyphenol groups and coor-
dination with positively charged
Ni**, respectively. Finally, to
examine the ability of the Ni-
NTA functionalized AuNPs
(Ni-NTA-AuNPs) to specifi-
cally interact with Hiss-tag, we
recorded 1D '"H NMR spectrum
of the Foldon protein contain-
ing C-terminal Hisg-tag
(Foldon-His,) before and after
mixing with the Ni-NTA-
AuNPs (see the Supporting
Information, Experimental
Procedures). The Foldon NMR
signals were essentially ablated

g Membrane lipid

. Detergent

A Affinity tag

proteins with cytoplasmic affinity tag are reconstituted in bicelles that mimic a lipid bilayer. c) Functional

moieties for interacting with the protein affinity tag are covalently
linked to the nanoparticles. d) High copy numbers of membrane
proteins are presented in a unidirectional manner in a nanoparticle-
supported liposome.

moieties on the nanoparticles are Ni-NTAs (Figure 1c¢). Only
bicelles containing the membrane protein of interest will
specifically “glue” to the nanoparticle surface via (Ni-NTA)-
(His¢-tag) interaction, and since the Hisg-tag is on the
cytoplasmic side of the protein, the protein-bicelle complex
will be glued in a unidirectional manner. As DH(PC is
removed, the bicelles will merge and form proteoliposome
encapsulating the nanoparticle (Figure 1d).

AuNPs were synthesized by mixing the gold precursor,
gold(I1I) chloride (HAuCl,), and tannic acid (TA) solution as
described previously (Supporting Information, Experimental
Procedures)."" The phenolic hydroxy groups (—OH) of TA
can coordinate with the Au*" ions and act as reducing agent
and surfactant to stabilize the synthesized AuNPs (Supporting
Information, Figure Sla). The size of the AuNPs can be
precisely controlled by the ratio of gold precursor to TA and
their stirring speed of the reaction. We first prepared AuNPs
with average diameter of about 47 nm, as shown by trans-
mission electron microscopy (TEM) (Figure 2a) and dynamic
light scattering (DLS) (Supporting Information, Figure S2a).
The AuNPs were then functionalized with lysine-NTA
(Supporting Information, Experimental Procedures) by con-
jugating the amine groups of lysine-NTA and the nucleophilic
carbons of the phenolic aromatic rings via glutaraldehyde
(Figure 2a; Supporting Information, Figure S1b). The NTA-
AuNPs further coordinated Ni" upon the addition of Ni*" ions
into the NTA-AuNPs nanoparticle suspension. The surface
charges of AuNPs, evaluated as the zeta potential (&), were
monitored during the functionalization process. As shown in
the Supporting Information, Figure S2b, the polyphenol-
stabilized AuNPs are negatively charged (£=-52mV)
owing to deprotonation of the hydroxy groups. The

Angew. Chem. Int. Ed. 2019, 58, 9866 -9870

b Foldon-HisTag + Ni-NTA-AuNP

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ni-NTA-AuNP Supported MPER-TMD
d Proteoliposome (wide view)

Foldon-HisTag

Analysis of MPER-TMD
| g Orientation
; Wy '
A Antibody ResinE \,. a
110 9 8 7 6 2
ppm f DNA-Supported AntiHis ¥y =l Anti-Flag

Ni-NTA-AUNP Supported MPER- Eoealpczome

TMD Proteoliposome (zoomed) —

Figure 2. Nanoparticle-supported proteoliposome formation using
bicelle-reconstituted MPER-TMD. a) TEM images of gold-polyphenol
nanoparticles (AuNPs) functionalized with NTA (NTA-AuNP).

b) 'H NMR spectra the Foldon protein with C-terminal Hise-tag in the
absence and presence of Ni-NTA-AuNPs. Blue: 450 pL of 30 um
Foldon-Hisg; Red: 450 pL of 30 um Foldon-His, mixed with 100 pL of
Ni-NTA-AuNP (ODs;,=0.1; the volume of the mixture adjusted to
450 pL before NMR measurement). c) Illustration of unidirectional
coating of bicelle-reconstituted MPER-TMD onto Ni-NTA-AuNP.

d) Negative staining EM (nsEM) image (wide view) of Ni-NTA-AuNP
supported MPER-TMD proteoliposome (see text). €) nsEM images of
the Ni-NTA-AuNP-supported MPER-TMD proteoliposomes at two
magnifications. f) nsEM images of DNA buckyball-supported MPER-
TMD proteoliposomes at two magnifications. g) Analysis of FLAG-
MPER-TMD-His; orientation in Ni-NTA-AuNP-supported liposomes by
antibody resin pull-down and SDS-PAGE. Lane 1: Ni-NTA-AuNP-sup-
ported MPER-TMD liposome; Lane 2: flow-through from anti-His,
resin after 30 minutes incubation; Lane 3: elution from anti-Hisg resin;
Lane 4: flow-through from anti-FLAG resin after 30 minutes incuba-
tion; Lane 5: elution from anti-FLAG resin.
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upon the addition of Ni-NTA-AuNPs (Figure 2b), indicating
strong binding of Foldon-His, to the nanoparticles that caused
NMR signals to decay rapidly.

Having generated Ni-NTA-AuNPs, we next tested the
above scheme of proteoliposome formation using a fragment
of HIV-1 Env that contains the membrane-proximal external
region (MPER) and the transmembrane domain (TMD). This
fragment (residues 660-710) is derived from a clade D HIV-
1 isolate 92UG024.2 (designated MPER-TMD).'? The
MPER is one of the most conserved regions of HIV-1 Env
and bears epitopes of broadly neutralizing antibodies from
infected individuals."” Therefore, methods for presenting the
MPER to human immune system are of strong interest to
HIV vaccine development.

We introduced a Hisq-tag at the C-terminus of the MPER-
TMD to interact with the Ni-NTA-AuNPs. The MPER-TMD
was expressed, purified, and reconstituted in bicelles with ¢ =
0.5 as described previously.">'¥ The Ni-NTA-AuNP solution
(ODs3,=0.1) and the solution of bicelle-reconstituted
MPER-TMD-His; (0.3 mm) were mixed at a volume ratio of
3:1 to allow coating of protein-containing bicelles onto the
nanoparticle surface (Figure 2¢). After complete removal of
DH(PC by dialysis, relatively uniformly sized liposomes were
formed around the nanoparticles (Figure 2d,e). The diameter
of the liposomes is 75+ 5 nm, which is consistent with the
predicted size of the complex, including the Ni-NTA-AuNP
(ca. 50 nm), the lipid bilayer (ca. 6 nmx2), and the space
between Ni-NTA-AuNP and lipid envelope. To provide
additional evidence that the formation of stable nanoparti-
cle-supported liposome is due to specific interaction between
Ni-NTA and His,-tag, we performed a series of control
experiments, namely forming liposomes 1) with empty
bicelles in the absence of AuNPs (Supporting Information,
Figure S3a), 2) by mixing Ni-NTA-AuNPs with empty bicelles
(Supporting Information, Figure S3b), and 3) by mixing non-
functionalized AuNPs with bicelle-reconstituted MPER-
TMD (Supporting Information, Figure S3c). As shown by
negative staining EM (nsEM), liposomes formed under these
conditions were mostly broken and highly inhomogeneous,
indicating that direct recruitment of bicelles onto the nano-
particles via the membrane protein affinity tag is crucial to
achieving homogeneous proteoliposome assemblies.

To achieve the highest proteoliposome assembly effi-
ciency, different ratios of Ni-NTA-AuNP to MPER-TMD-
His, were tested. When the volume ratio between the solution
of Ni-NTA-AuNP (ODs3,=0.1) and the solution of bicelle-
reconstituted MPER-TMD-His, (0.3 mm) was set at 1:1, in
addition to the expected liposome size (ca. 75 nm), much
smaller liposomes (<20nm) were observed (Supporting
Information, Figure S3d), likely formed with excessive
MPER-TMD-His, and DMPC lipid without the support of
Ni-NTA-AuNP. When the ratio was set to 3:1 and 6:1, the
smaller liposomes mostly disappeared and very similar lip-
osome populations were observed (Supporting Information,
Figure S3e, S3f), suggesting that all protein-containing
bicelles were recruited to Ni-NTA-AuNPs at the two ratios.
Excessive Ni-NTA-AuNPs could not be observed owing to
incompatibility with negative staining.
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We next tested the use of hollow DNA nanoparticles to
guide proteoliposome assembly. We wused a previously
designed DNA buckyball formed with three different DNA
strands (long, medium, and short)."”! To functionalize the
DNA buckyballs with NTA moieties, we used the TriNTA
with modified primary amine,™ which can be covalently
linked to thiol-modified DNA via an amine-to-sulfhydryl
crosslinker (Supporting Information, Figure S4a). As such,
the long strand was synthesized with the dithiol group at the 3’
end, and TriNTA was covalently linked to the long strand via
a bi-functional crosslinker, PEG2-SMCC (Supporting Infor-
mation, Experimental Procedures). When charged with Ni*",
the TriNTA has high binding affinity for the Hiss-tag (20 +
10 nm).[®1 The TriNTA-linked DNA strand was purified and
mixed with the other two strands to form DNA buckyballs
with an average diameter of about 80 nm (Supporting
Information, Figure S4b, S5). As in the AuNP application
above, the bicelle-reconstituted MPER-TMD (with C-termi-
nal Hiss-tag) was mixed with the DNA buckyballs, and the
ratio of MPER-TMD trimer to TriNTA (or long strand) was
kept approximately at 1:1 to achieve about 60 MPER-TMD
trimers per buckyball (there are 60 long strands in the
assembly!'”). Upon removal of DH¢PC, spherical liposomes
with diameter of 95+ 15 nm were formed (Figure 2 f; Sup-
porting Information, Figure S6). We note that a fraction of
liposomes are smaller than estimated size, probably because
some DNA buckyballs were not completely assembled (thus
smaller size) but could still catalyze liposome formation.
More robust buckyball assembly can be achieved by using
additional supportive DNA strands.!""!

To examine whether the MPER-TMD was unidirection-
ally presented on Ni-NTA-AuNP-supported liposomes, we
introduced a FLAG-tag and a Hiss-tag at the N- and C-
termini of the MPER-TMD, respectively, and examined their
relative accessibility to antibodies using an antibody resin
pull-down assay. The Ni-NTA-AuNP-supported proteolipo-
somes containing the FLAG-MPER-TMD-His, were pre-
pared using the same protocol as described above. Equal
amounts of the assembled proteoliposomes were incubated
with anti-FLAG and anti-His, resins separately. The flow-
throughs from the resins were collected as readout of MPER-
TMDs that do not bind the antibodies. Further, a 0.1m glycine
solution was used to elute the resin-bound fraction. The
samples from flow-through and elution were analyzed by
SDS-PAGE. For the anti-His; resin, 97.1 % of MPER-TMDs
were found in the flow-through (Figure2g; Supporting
Information, Figure S7; lanes 2, 3), whereas 94.8% of the
MPER-TMDs were retained by the anti-FLAG resin
(Figure 2g; Supporting Information, Figure S7; lanes 4, 5).
The results indicate that the MPER-TMD was incorporated
in the nanoparticle-supported liposomes in a unidirectional
manner.

Finally, to test whether the nanoparticle-supported pro-
teoliposomes are immunogenic, five guinea pigs were immu-
nized with Ni-NTA-AuNP-supported MPER-TMD proteoli-
posome with Adju-Phos adjuvant. Animal sera from different
time points (Figure 3a) were used to assess the ability of the
vaccination regimen to elicit antibodies that can bind MPER-
TMD reconstituted in regular liposome. The results from the
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Figure 3. Immunogenicity of Ni-NTA-AuNP-supported MPER-TMD pro-
teoliposomes. a) Immunization schedule of 5 guinea pigs. Serum
samples were collected at weeks 4 and 12. b) ELISA analysis of serum
for anti-MPER-TMD antibodies. ELISA plates were coated with MPER-
TMD in regular liposomes. Sera were added in serial dilutions (2700,
900, 300, 100) and detected with a horseradish peroxidase (HRP)-
conjugated rabbit anti-guinea pig secondary antibody for total IgG
ELISAs. c) ELISA plate incubated with empty liposomes.

enzyme-linked immunosorbent assay (ELISA) show that all
of the sera after the first vaccination already contained
MPER-TMD binding antibodies, and that sera from the
second immunization elicited antibodies that bind much
stronger and more robust to MPER-TMD (Figure 3b). As
a negative control, no binding to the empty liposome was
observed (Figure 3c¢).

We have shown that nanoparticles with functionalized
surface can serve as effective guide for the formation of
proteoliposomes with unidirectional presentation of mem-
brane proteins. Since the protein affinity tag drives uniform
coating of bicelles, which are essentially solubilized mem-
brane patches, around the nanoparticles, proteoliposome
formation upon detergent removal is highly robust. More-
over, varying sizes of proteoliposomes are achievable for
different applications, as the size of the nanoparticle substrate
can be accurately controlled.

We believe the nanoparticle-supported liposomes can be
effective vaccine carriers. First, potentially high copy number
of membrane proteins can be incorporated. The unidirec-
tional presentation further increases the amount of effective
antigens for the immune system. Second, the AuNP used in
the current study is highly biocompatible and inexpensive to
produce. The presence of nickel inside the liposome may be
a safety concern but its toxicity is expected to be greatly
reduced when chelated by NTA.["” Finally, the nanoparticle-
supported liposome is structurally more stable than the
regular liposomes owing to the nanoparticle-protein inter-
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action, and such enhanced stability is important for applica-
tion in vivo.

Previous attempts at presenting MPER in immunogens
have not been successful in inducing neutralizing antibodies
in vivo.'¥ The failure could be due to the conformation
nature of the epitopes or their limited accessibility on the
membrane surface. Recent studies suggest lipid bilayer also
accounts for the neutralizing potency of MPER-specific
antibodies.”” The reported method allowed unidirectional
presentation of many MPER-TMD trimers on a single
particle in a lipid bilayer environment. Indeed, the new
immunogen elicited MPER-specific antibodies in the guinea
pigs, though the neutralizing potential of these antibodies
remains to be investigated.

In conclusion, the use of functionalized nanoparticles to
guide proteoliposome formation offers many distinct advan-
tages, including the improved efficiency and uniformity of
liposome formation, the unidirectional presentation of trans-
membrane proteins, the preservation of membrane protein
native structure, the greater control of protein incorporation
number per liposome, and the greater stability of the nano-
particle-supported liposomes. While these advantages are
particularly important for vaccine development, they are
equally useful for developing therapeutic antibodies against
membrane proteins such as GPCRs, transporters, and ion
channels.
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Unidirectional presentation of membrane proteins in
nanoparticle-supported liposomes

Wen Chen*, Junling Guo®, Yongfei Cai, Qingshan Fu, Bing Chen, James J. Chou*

Abstract: Presentation of membrane proteins to host immune systems has been a challenging problem due to
complexity arising from the poor in vivo stability of the membrane-mimetic media often used for solubilizing the
membrane proteins. We report the use of functionalized, biocompatible nanoparticles as substrates to guide the
formation of proteoliposomes that can present many copies of membrane proteins in a unidirectional manner. The
approach was demonstrated to present the membrane-proximal region of the HIV-1 envelope glycoprotein. These
nanoparticle-supported liposomes are broadly applicable as membrane antigen vehicles for inducing host immune
responses.
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Experimental Procedures

Gold-polyphenol nanoparticle production and functionalization. 0.8 mg/ml of tannic acid (Sigma Aldrich) was prepared
in ddH20. Chloroauric acid (Sigma Aldrich) was added to tannic acid solution drop by drop to the final concentration of 0.4 mM.
The mixture was incubated at room temperature with stirring at 800 rpm for 20 minutes to form polyphenol-stabilized gold
nanoparticles (AuNPs). AuNPs were spun down at 12,000 g for 10 minutes. Pellet was then washed with ddHO.
Resuspended AuNPs in ddH,O was thoroughly sonicated before centrifugation again. The centrifugation and washing steps
were repeated twice. AUNPs were then mixed with 0.04% glutaraldehyde (Electron Microscopy Sciences) and 0.5 mg/mi
Na,No-Bis(carboxymethyl)-L-lysine (Lysine-NTA) (Sigma Aldrich) at 45°C for 1 hour. The conjugated NTA-AuNPs were then
spun down and washed with ddH»O for three times. 0.5 mM NiCl, was added to the NTA-AuNP solution. Ni-NTA-AuNPs were
then washed with ddHO for four times and stored at 4°C upon further use.

Zeta-potential measurement. The zeta-potentials were measured using a Zetasizer Nano-ZS (Malvern Instruments, UK)
with a 633 nm He-Ne ion laser. The capsules were suspended in 10 mM phosphate buffer (pH 7.4) before adding different
nanoparticle solutions. Measurements were repeated three times. The results were expressed as the mean and standard
deviation obtained from the three measurements.

Interaction between Ni-NTA-AuNPs and Hise-tag. Foldon is the C-terminal domain of T4 fibritin containing 27 residues and
forms highly-stable trimer™. Foldon with C-terminal Hiss-tag was cloned into the pET-15 vector and expressed in BL21(DE3)
cells at 37°C (induced with 1 mM isopropyl-B-d-thiogalactopyranoside (IPTG) for 6 hours). The protein was purified by Ni-
NTA affininity (HisPur Ni-NTA resin, Thermo Fisher) and size exclusion chromatography (superdex 75 column, GE
Healthcare). The NMR oneone echo experiment was used to record the 1D H spectrum of a 450 pl Foldon sample (30 uM
Foldon, 25 mM phosphate, 50 mM NaCl, pH 7.2) before and after mixing with 100 pl of Ni-NTA-AuNP solution (ODs30=0.1) in
the same buffer. In the latter, the volume of the mixture was concentrated back to 450 ul before NMR measurement.

MPER-TMD plasmid construction. The MPER-TMD corresponds to a fragment of HIV-1 gp41 (clade D, isolate 92UG024.2)
spanning residues 660-710; it contains the entire MPER (residues 660-683) and the TMD (residues 684-705). FLAG-tag and
Hise-tag sequences were added to the N- and C-termini of the MPER-TMD, respectively. The FLAG-MPER-TMD-Hiss DNA
was cloned into the pMM-LR6 vector as a fusion to the C-terminus of the trpLE sequence.

MPER-TMD expression and purification. The MPER-TMD plasmid was transformed into E.coli BL21(DE3) for expression.
Cell cultures were grown at 37° C in LB media until ODego reached 0.6, and cooled to 22° C before induction with 100 pM
isopropyl B-D-thiogalatopyranoside (IPTG) at 22° C for overnight. The MPER-TMD was extracted from inclusion bodies,
cleaved by cyanogen bromide, and purified by HPLC as described previouslym. The purified MPER-TMD were lyophilized and
validated by SDS-PAGE and MALDI-TOF mass spectrometry.

Reconstitution of MPER-TMD in bicelles. 2 mg of lyophilized MPER-TMD powder was mixed with 9 mg of 1,2-dimyristoyl-
sn-Glycero-3-Phosphocholine (DMPC, Avanti Polar Lipids) in hexafluoro-isopropanol. The mixture was blown dry to a thin film
in a glass vial under nitrogen gas, followed by overnight lyophilization. The dried thin film was dissolved in 3 ml of 8 M urea
containing 20 mg of 1,2-dihexanoyl-sn-Glycero-3-Phosphocholine (DHePC, Avanti Polar Lipids) and 4 mg of 1,2-diheptanoyl-
sn-Glycero-3-Phophocholine (DH7PC, Avanti Polar Lipids). The mixture was dialyzed twice against phosphate buffer (pH 7.2,
50 mM NaCl) (1 L each time) to remove urea. Additional DHsPC was added to the sample every hour to compensate its loss
due to dialysis. The DMPC:DHgPC ratio was controlled between 0.5 and 0.6 by 1D NMR. Bicelle reconstituted MPER-TMD
was concentrated to ~ 1 ml (around 0.3 mM) after dialysis.

Ni-NTA-AuNP supported proteoliposome formation. The Ni-NTA-AuNP solution (ODs3=0.1) and the bicelles-
reconstituted MPER-TMD solution (~ 0.3 mM) were mixed at the ratio of 3:1 (vol/vol). The mixture was diluted 20 times by
adding phosphate buffer (pH 7.2, 50 mM NaCl) before dialyzed against the same phosphate buffer to remove DHgPC
detergent. 10 kDa cut off dialysis cassette was used (Life technology). Buffer was changed every 3 hours for at least 6 times
at 4°C.

Imaging interaction between antibody and MPER-TMD proteoliposome. Anti-FLAG or anti-Hise antibody (Sigma) was
added to Ni-NTA-AuNP-supported proteoliposome containing the FLAG-MPER-TMD-Hiss. The amount of antibody was added
at 1:1 molar ratio of antibody:MPER-TMD. The concentration of the MPER-TMD was estimated based on the assumption that
all applied MPER-TMD (with known amount) were incorporated into the AuNP-supported proteoliposome. Antibodies and
nanoparticle were mixed for 10 minutes at room temperature before analysis by negative staining EM.

DNA buckyball formation. DNA sequences for buckyball assemble were adapted from previous work®; long strand
(L):aggcaccatcgtaggtttcttgccaggcaccatcgtaggtticttgccagg-caccatcgtaggtttcttgee; medium stand (M): tagcaacctgectggcaagccta-
cgatggacacggtaacgcc; short strand (S): ttaccgtgtggttgctaggeg. Thiol modifier C6 S-S was added to the 3’ of the long strand.
TriNTA with a free primary amine (Fig. S4a) was synthesized by Medicilon Inc. (Shanghai, China) and stored as dry powder at
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-20°C. The bi-functional crosslinker PEG2-SMCC (succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate) was
incubated with TriNTA (with 4:1 molar ratio) in 100 mM sodium carbonate buffer (pH 8.0) for 1 hour, which achieved > 95%
reaction efficiency. The SMCC-linked TriNTA was then purified by RP-HPLC using a Zorbax SB-C18 semi-preparative column
(Agilent) and a gradient of 5-20% acetonitrile in 0.1 M Triethylammonium Acetate (TEAA) (Calbiochem). SMCC-TriNTA was
lyophilized and stored at -80°C upon further use.

To functionalize the L DNA strand with TriNTA, 100 uM of thiol-modified L strand was dissolved in 25 mM HEPES buffer (pH
7.4), and reduced by 20 mM DTT for 10 minutes. The DTT-treated L solution was applied to PD-10 column (GE Healthcare)
to remove DTT, followed by immediate mixing with 2 times excess amount of SMCC-TriNTA in HEPES buffer (pH 7.4). The
reaction mixture was degassed for 30 min and incubated for additional 30 min at room temperature. Ni?* was added to
TriNTA-L conjugate at 3:1 molar ratio. The Ni-TriNTA-L conjugate was purified using a Hise-tag column, made in the lab by
chemically linking the Foldon-Hiss-tag to NHS-activated agrose resin (Thermo Fisher Scientific). The Ni-TriNTA-L conjugate
was mixed with the Foldon-Hise-tag resin for 30 minutes, and eluted with 200 mM imidazole (Fig. S4b). Pure Ni-TriNTA-L
conjugate was stored in TA/Mg®* buffer (40 mM Tris, 20 mM acetic acid, 12.5 mM magnesium acetate, pH 8.0) after removing
imidazole.

Finally, the Ni-TriNTA-L, the M, and the S were mixed at molar ratio of 1:3:3 in TA/Mg2+ buffer. The final concentration of
TriNTA-L was adjusted to 70 nM. The DNA buckyball assembly was achieved using two steps of annealing: 1) from 95°C to
65°C, at a rate of 1 degree per 15 min; 2) from 65°C to 20°C, at a rate of 1 degree per hour. DNA buckyball assembly was
accessed by electrophoresis using 0.5% agarose gel (Fig. S5a). The DNA buckyball solution was concentrated ([TriNTA-L] =
400 nM) before examined by negative staining EM.

DNA Buckyball supported proteoliposome formation. Bicelle-reconstituted MPER-TMD (with C-terminal Hise-tag) was
mixed with the TriNTA functionalized DNA buckyball at the molar ratio of 1 trimeric MPER-TMD to 1 TriNTA-L strand. The
mixture was passed through PD-10 column twice to remove DHgPC detergent. The elution from PD-10 was concentrated
([TriNTA-L] =2 400 nM) before analysis by negative staining EM.

Electron Microscopy sample preparation. To examine AuNP alone by EM, 2.5 ul of AuNP solution (ODs30=0.1) was loaded
onto nickel grid with formvar/carbon film (Electron Microscopy Sciences), and dried in air for at least 2 hours. For DNA
buckyball and all nanoparticle-supported liposomes, samples were loaded onto copper grid with formvar/carbon film (Electron
Microscopy Sciences). The Ni-NTA-AuNP-supported MPER-TMD proteoliposomes were negatively stained by 1.5% Uranyl
formate. DNA buckyball and DNA buckyball-supported MPER-TMD proteoliposomes were first concentrated ([TriNTA-L] = 400
nM), and then negatively stained by 1.5% Uranyl formate. EM images were taken using the CM10 electron microscope
(Philips).
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Results and Discussion
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Figure S1. Schematic illustration of AUNP synthesis and functionalization
(a) Reaction mechanism of gold nanoparticle synthesis and stabilization by tannic acid. Phenolic hydroxyl group (-OH) of
tannic acid can reduce the gold precursor and coordinate with gold. The rest of polyphenol groups can act as surfactant to
stabilize the gold ion with electrostatic interaction.
(b) Glutaraldehyde is used to conjugate primary amine of lysine-NTA and nucleophilic carbons from tannic acid’s phenol

group.
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Figure S2. Characterization of polyphenol-stabilized gold nanoparticles
(a) Dynamic light scattering (DLS) of polyphenol-stabilized AuNPs. DLS result shows that AuNPs are very homogenous, with
diameter around 47 nm.
(b) Surface charges of AuUNPs, NTA-AuNPs, and Ni-NTA-AuNPs were measured by Zetasizer Nano-ZS equipment. The zeta
potentials (¢) of AUNPs, NTA-AuNPS, and Ni-NTA-AuNPs are -51 mV, -36 mV, and -20.1 mV, respectively. The values are

vastly different due to different surface properties of nanoparticles, indicating the successful functionalization of AUNPs at
each stage.
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Figure S3. Controls for nanoparticle-supported liposome formation examined by negative stain EM

(a) Liposome formation from empty bicelles without Ni-NTA-AuNPs. 5 ul of bicelle buffer (45 mM DHgPC, 20 mM DMPC) was
diluted by adding 400 pl of 25 mM phosphate buffer (pH 7.2). After DHsPC was removed through dialysis, 3.5 pl of sample
was loaded onto copper grid.

(b) Liposome formation from empty bicelles with Ni-NTA-AuNPs. 15 pl of Ni-NTA-AuNPs (ODs3 = 0.1) was mixed with 5 pl of
bicelle buffer (45 mM DHsPC, 20 mM DMPC). The mixture was diluted 20x by adding 400 ul of 25 mM phosphate buffer (pH
7.2). After DHsPC was removed, 3.5 ul of sample was loaded onto copper grid.

(c) Liposome formation from bicelle-reconstituted MPER-TMD-Hisg with non-functionalized AuNPs. 15 ul of non-functionalized
AuNP solution (ODs3o = 0.1) was mixed with 5 yl of MPER-TMD sample (0.3 mM MPER-TMD, 45 mM DHgPC, 20 mM DMPC).
The same dilution and dialysis steps were used before examined by negative staining EM.
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(d) Liposome formation from bicelle-reconstituted MPER-TMD-Hiss with Ni-NTA-functionalized AuNPs. The volume ratio
between Ni-NTA-AuNP solution (ODs3 = 0.1) and the MPER-TMD sample (0.3 mM, 45 mM DHePC, 20 mM DMPC) is set at
1:1. Detailed liposome formation and negative staining EM procedures are described in methods.

(e) Liposome formation from bicelle-reconstituted MPER-TMD-Hisg with Ni-NTA-functionalized AuNPs. The volume ratio
between Ni-NTA-AuNP solution (ODs3 = 0.1) and the MPER-TMD sample (0.3 mM, 45 mM DHePC, 20 mM DMPC) is set at
3:1.

(f) Liposome formation from bicelle-reconstituted MPER-TMD-Hise¢ with Ni-NTA-functionalized AuNPs. The volume ratio
between Ni-NTA-AuNP solution (ODs3 = 0.1) and the MPER-TMD sample (0.3 mM, 45 mM DHePC, 20 mM DMPC) is set at
6:1.

Note: Naked AuNPs and Ni-NTA-AuNPs could not be observed due to incompatibility with negative staining.
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Figure S4. Preparation of TriNTA-functionalized single stranded DNA

(a) The reaction scheme used to conjugate the primary amine of TriNTA to the thiol group of synthesized DNA via bi-
functional PEG2-SMCC linker. In the scheme, the NHS ester of SMCC reacts with the amine group of TriNTA with extremely
high efficiency (>95%). The SMCC maleimide group reacts with the thiol group of DNA.

(b) TriNTA-functionalized DNA purification steps analyzed by agarose gel. The TriNTA-PEG2-SMCC, purified by HPLC, was
mixed with the thiol-modified L strand to form TriNTA-L conjugate. After the reaction, the TriNTA-L was charged with Ni2*.
Detailed procedure can be found in methods section. The gel lanes are: L — DNA ladder; 1 — TriNTA-L reaction mixture; 2 —
flow-through of the reacted solution from Foldon-Hise-tag resin; 3 — wash of the resin to remove unbound species; 4 — elution

from the resin with 0.2 M imidazole; 5 — further elution with 0.5 M imidazole.
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Assembled
- DNA buckyball

Figure S5. DNA buckyball formation

(a) Agarose gel analysis of DNA buckyball formation using the TriNTA-functionalized L strand and regular M and S strands.
Lane 1: pure Ni-TriNTA-L strand; Lane 2: pure M strand; Lane 3: pure S strand; Lane 4: after direct mixing of Ni-TriNTA-L, M,
and S, at 1:3:3 molar ratio; Lane 5: after two-step annealing treatment of the mixed sample (details in Methods). Comparison
of the higher and lower bands suggests that the efficiency of DNA buckyball formation is ~90%.

(b) The assembled DNA buckyball sample was negatively stained and observed using the CM10 electron microscope. The

EM image shows mostly homogenous assemblies with diameter ~ 80 nm.
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a b C

Figure S6. Proteoliposome formation guided by functionalized DNA buckyballs

(a) Negative stain EM image of liposomes formed by mixing functionalized DNA buckyballs and empty bicelles, showing
highly inhomogeneous liposomes. 143 pl of DNA buckyball ([Tri-NTA-L] = 70 nM) was mixed with 1 ul of bicelle buffer (45 mM
DHePC, 20 mM DMPC). The mixture was treated with PD-10 column twice, then examined by negative staining EM. Detailed
procedures are described in methods.

(b) Negative stain EM image of liposomes formed by mixing functionalized DNA buckyballs and bicelle-reconstituted MPER-
TMD-Hisg, showing much better defined shape and size. 143 ul of DNA buckyball ([Tri-NTA-L] = 70 nM) was mixed with 1 pl
of MPER-TMD-Hisg (0.3 mM MPER-TMD, 45 mM DHe¢PC, 20 mM DMPC). Note: some incompletely assembled buckyballs
could also support liposome assembly, resulting in smaller liposomes.

(c) Negative stain EM image of the naked DNA buckyball, showing that the size is consistent with those observed in (b).
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