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ABSTRACT: Adaptive and reversible self-assembly of supramolecular protein structures is a AnnexinV

fundamental characteristic of dynamic living matter. However, the quantitative detection and
assessment of the emergence of mesoscale protein complexes from small and dynamic oligomeric
precursors remains highly challenging. Here, we present a novel approach utilizing a short
membrane nanotube (sNT) pulled from a planar membrane reservoir as nanotemplates for

field-mediated shuttling of
molecular reconstruction, manipulation, and sensing of protein oligomerization and self-assembly the protein-foldamer

complexes on a lipid nanotube

at the mesoscale. The sNT reports changes in membrane shape and rigidity caused by membrane-
bound proteins as variations of the ionic conductivity of the sNT lumen. To confine
oligomerization to the sNT, we have designed and synthesized rigid oligoamide foldamer tapes (ROFTs). Charged ROFTs
incorporate into the planar and sNT membranes, mediate protein binding to the membranes, and, driven by the luminal electric
field, shuttle the bound proteins between the sNT and planar membranes. Using Annexin-V (AnV) as a prototype, we show that the
sNT detects AnV oligomers shuttled into the nanotube by ROFTSs. Accumulation of AnV on the sNT induces its self-assembly into a
curved lattice, restricting the sSNT geometry and inhibiting the material uptake from the reservoir during the sNT extension, leading
to the sNT fission. By comparing the spontaneous and ROFT-mediated entry of AnV into the sNT, we reveal how intricate
membrane curvature sensing by small AnV oligomers controls the lattice self-assembly. These results establish sSNT-ROFT as a
powerful tool for molecular reconstruction and functional analyses of protein oligomerization and self-assembly, with broad
application to various membrane processes.

B INTRODUCTION complexes. This reciprocal effect of proteins on the membrane
template is implicated in cellular membrane morphogenesis.'®
Recent experiments demonstrated that membrane shape
changes could reflect dynamic rearrangements of small protein
subunits of a larger protein structure.'”'” As even a single
protein molecule can induce local membrane deformations,
changes in the membrane shape can serve as a reporter of the
self-assembly progress, spanning from the molecular scale to

The formation of supramolecular protein complexes with a
programmable architecture through noncovalent reversible
self-assembly is crucial for the spatial and functional
organization of intracellular space.'™* This process, based on
weak interactions and adaptive self-assembly, enables the
dynamic tuning of the shape and material properties in protein
complexes and nanostructures. The phenomenon has recently

been replicated in synthetic biomaterials.* ¢ Typically, the the mesoscal.e. . .
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on the sSNT membrane, a step generally required to trigger self-
assembly, could be achieved, it would remain difficult to
discriminate the actions of individual protein oligomers as the
protein ensemble would dominate the measurements. To exert
control over protein partitioning and interactions on the sNT
membrane and thus enable the discrimination and quantifica-
tion of individual molecular complexes, we employed newly
synthesized rodlike bolaamphiphile (BA) molecules. Charged
BAs could be operated as primitive protein receptors mediating
the membrane binding of peripheral proteins, such as annexin
V (AnV), that specifically recognize charged lipid species.”"**
Designed to traverse the sSNT membrane, the BAs functioned
as molecular shuttles propelled by an electric field applied to
the lumen of the sNT, thereby controlling protein transfer
between the sNT and the connected planar reservoir
membrane. Using BA-mediated electrophoresis, we were able
to detect the entry and exit of individual AnV oligomers and
assess their stoichiometry and shape. Furthermore, field-driven
accumulation of AnV on the sNT triggered the polymerization
of a curved protein lattice encaging the sNT.*” This protein
scaffold not only stabilized the membrane within it but also
mediated the sNT fission upon extension.”**> Comparison of
the spontaneous and voltage-driven entry of AnV in sNT
revealed a novel mechanism of membrane curvature sensing
that AnV uses to control its membrane partitioning and
polymorphic self-assembly. Altogether, our results establish
BA-containing sNTs as new tools to produce, manipulate, and
investigate membrane-mediated protein assemblies.

B RESULTS

Design of the Shuttle BAs. Different classes of rigid
synthetic BAs have been demonstrated to incorporate into a
lipid bilayer and span both of its leaflets.”® To minimally
interfere with protein detection by sNTs, small lipid-sized BAs
of predictable and stable shape were needed. To obtain such
rigid bolaligid mimetics, we opted for oligoamide foldamers
(OFs).”’~* OFs are synthetically accessible via simple
iterative amide couplings and are easy to modulate through
main chain and side chain modifications. OF amphiphiles
capable of incorporation into lipid membranes have been
described, but applications have until now been focused on ion
and water transport mediated by transmembrane helices.**™**
Apart from relatively large helices, OF may be designed to
form thinner tapelike structures of the defined length that may
be converted into protein-interacting bolaamphiphiles via
appropriate modification of the ends. We designed and
synthesized minimal such compounds, symmetric charged
rigid OF tapes (ROFTs). Compound 1 (Figure 1A) was the
parent compound of a series of OF ribbons (see the
Supporting Information) designed according to well-estab-
lished principles validated across a vast number of OF
families.’”® In this design, amide protons are engaged in
intramolecular hydrogen bonds and thus unavailable for
intermolecular interactions (Figure 1B). Aryl and amide units
are kept coplanar, generating a linear tape with a sizable surface
area for aromatic stacking. Such linear tapes have been shown
to have stable conformations in a wide range of polar and
nonpolar media.’® The branched alkyl side chains appended on
the edges of the tape provide a lipophilic character. However,
they may not completely prevent aggregation through stacking
as shown by crystal packing (Figure 1C,D). The ability of the
tapes to aggregate was expected to be reduced in 4 which
possesses two central decyl chains and enhanced in 2 and 3
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Figure 1. (A) Formula of amphipathic ROFTs 1—4. Dashed lines
indicate hydrogen bonds responsible for the flat shape. (B) Crystal
structure of 5, the bis-methyl-ester precursor of 1. (C, D) Views of
molecular packing in the crystal down the ¢ axis (C) and down the a
axis (D).

which instead have one or two polar primary amide
appendages, respectively. The primary amides side chains are
isosteric to the iBu groups of 1 but, in contrast with the iBu
groups, they may engage in intermolecular hydrogen bonds
within a membrane, as do asparagine residues in trans-
membrane peptides.”” All molecules are terminated with
quaternary ammonium functions that give them a bolaamphi-
philic nature*® and thus potentially control their orientation
within lipid bilayer membranes. While the 4.5 nm length of the
ROFT molecule matches the lipid bilayer thickness, its 1.5 nm
width is only slightly bigger than that of a lipid (Figure 1B).
The small width in principle ensures that individual ROFTs
perturb the sNTs much less than protein molecules.
Compounds 1—4 are not soluble in water but met our
expectations with respect to their insertion in membranes.
ROFTs Incorporate into Low-Curved Membrane
Reservoirs and Mediate Protein Binding to the
Membranes. We began testing how ROFTs incorporate
and interact with the lipid bilayer using low-curved membrane
templates, Giant Unilamellar Vesicles (GUVs) and their
supported analogues, Giant Supported Bilayers (GSBs)
suitable for fluorescence microscopy observation, and mechan-
ical manipulations.”® We found that ROFTs were readily
incorporated into GUVs and GSBs, seen as a linear increase of
the intrinsic fluorescence signal of ROFTs normalized to that
of a lipid marker (Figures 2A and S1). The incorporation
efficiency was the best for 4, while it decreased from 1 to 3, in
correlation with the expected increasing propensity of ROFTSs
to aggregate (Figure S2). Another factor governing ROFT
membrane incorporation was the lipid composition of the
GSBs (Figure 2A and Table S1). Cholesterol interfered with
the GSB production in the presence of ROFTs (Table S1) as it
induced the formation of crystalline-like ROFT-lipid films,
possibly via cholesterol-ROFT stacking. In contrast, sphingo-
myelin (SM), a biological partner of cholesterol,” promoted
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Figure 2. Membrane incorporation and AnV binding by ROFTs. (A)
Incorporation of 1 into GSBs measured as the fluorescence intensity
ratio Fropr/Fipg with GSBs made of SM (sphingomyelin, apricot)
and PC/PE (phosphocholine/phosphoethanolamine magenta) mix-
tures. The inset shows a ROFT-lipid GSB attached to a silica bead;
the lipid probe (Rh-DOPE, red) and the intrinsic ROFT (blue)
fluorescence are seen. The rectangles delimit the region of interest
(ROI) used to calculate Frorr/Fipies as the ratio of total fluorescence
intensities measured upon the background subtraction. Scale bar 10
um. (B) Ca** mediates AnV binding to GSBs containing 1 or
phosphoserine (PS). The fluorescence of AnnexinV-alexa488 (green),
lipid (Rhodamine-PE, red), and 1 (ROFT, blue) is seen. Scale bars 10
pum.

the incorporation of high amounts of ROFTs (Table S1 and
Figure 2A). The incorporation efficiency was further improved
upon the addition of cone-shaped and polyunsaturated lipids
abundant in cellular membranes (Table S1). Because of these
properties, we selected 1 and 4 in a simple biomimetic PC/PE
lipid background for further experiments.

The sensitivity of ROFT incorporation to the composition
of the hydrophobic tails of the GSB lipids suggests that the
ROFTs orient along the membrane normal and span the lipid
bilayer as extended bola-amphiphiles, stlpulated by the highly
hydrophobic aromatic core of ROFTs.*’ Accordingly, the
topographic AFM scanning of supported lipid bilayers made
from ROFT-containing GSBs revealed no patterns indicative
of ROFTs laying parallel to the membrane interface (Figure
S3). The normal orientation of ROFTs, suitable for
amphiphilic self-assembly of a molecular film, was further
confirmed by the formation of GSBs from detergent solutions
of 4 (Figure S2C).

Upon a random testing with fluorescently labeled mem-
brane-remodeling proteins available in house, we found that 1
and 4 (in PC/PE background) mediate membrane binding of
AnV (Figure 2B), as well as other peripheral membrane
proteins, namely, the epsin N-terminal homology domain and
Dynaminl (Figure S4), all known to depend upon negative
membrane charge for membrane binding.'”*" Thus, protein
binding was evidenced with the first generation of ROFTs

without requiring further functionalization of their solvent
exposed polar groups. The binding indicates that ROFTs
create negative surface potential, in agreement with the
efficient incorporation of ROFTs into purely cationic
membranes and also confirmed by measurements of the
membrane boundary potential changes (Table S1 and Figure
SS). While both Dynl and AnV can self-assemble into large
cylindrical structures on the sNT membrane,”*' the low
oligomeric precursors of AnV self-assembly on a planar
membrane are well characterized.*”*> We chose AnV for
further testing.

ROFTs Emulate Ca?* and Curvature Dependence of
AnV Membrane Binding. AnV (2 ¢M in the bulk) binding
to GSBs containing 1 or 4 showed Ca®" dependence
characteristic of AnV interaction with its physiological target,
PS (Figures 2B and $4)24% Chelating free Ca** by EDTA
caused AnV detachment from both ROFT- and PS containing
GSBs (Figure S4).** However, in both cases, residual binding
was detected (Figures 2B and S4), indicating a weak Ca®*-
independent binding mode. This is consistent with the overall
complexity of membrane binding of annexins controlled by
electrostatic and hydrophobic interactions.”** We next
checked how the AnV binding changes with the membrane
curvature.

Micron-long NTs could be readily produced from both
ROFT- and PS-containing GSBs (Figure 3A). ROFTs were
visibly expelled from the NTs (Figure 3A). The ratio between
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Figure 3. ROFT and AnV sorting detected by fluorescence
microscopy and conductance measurements. (A) Fluorescence
micrographs show AnV binding to the outer leaflet of NT containing
4 (30 mol %) or PS (30 mol %). Scale bar 10 um. (B) Boxplot shows

NT GSB
sorting coefficients g = M ;775 the
FROPT or AnvFlipid

ROFTs (Fropp) was used to calculate the sorting coefficient of 4
(Lst and 2nd boxes) in the absence (ROFT, blue) and presence
(ROFT,,y, orange) of AnV, the fluorescence of AnV-Alexa488 was
used to calculate the sorting coefficient of AnV (3rd and 4th boxes) in
sNTs containing 4 (AnVpopr) or PS (AnV). All means are
significantly smaller than 1 (at p = 0.05). (C) Boxplots show the
effective bending rigidity of sNT (upper panel) and reservoir (lower
panel) membranes (see Figure S7 for details). The gray dash line
shows the bending rigidity of the reference lipid membrane k; (Figure
§7).'%'° (D) Upper panel shows kinetics of the sNT radius decrease
caused by the curvature-stress-driven expulsion of 4 (blue) and AnV
and 4 (apricot) from sNTs at low U = +50 mV. The changes are
normalized to the initial SNT radius, and the control is pure lipid sSNT
(black). The lower panel shows @yr calculated from the rigidity
changes (see the Supporting Information, Model 3.3. for details).

fluorescence of
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the ROFT concentrations (area fraction) in the GSB (¢,) and
NT (@), the sorting coefficient g = @1/ @0, was measured as
the ratio of the fluorescence intensities (F) coming from the
lipid probe (Rhodamine-PE) and the ROFTs in the NT
membrane normalized to that measured in the GSB (Figures
3A and S6).” For both 1 and 4, preferential partitioning into
low-curved GSB, equivalent to g < 1, was detected (Figures 3B
and S6). The ROFTs sorting away from NTs were associated
with the ROFT rigidity. The sorting of a rigid membrane
inclusion can be estimated as (see Supplementary Model 3.1):

k
qgr1 - &(l — 215)
2kgTr\ r (1)

where a is the inclusion area on the membrane surface, kg, is
the bending rigidity of the reservoir membrane, r is the NT
radius, and J; is the intrinsic curvature of a membrane fully
covered by inclusions. Symmetric ROFT molecules oriented
along the membrane normal and spanning both lipid
monolayers are expected to create planar geometry with J; =
0. Eq 1 then predicts a nonlinear (~r"2) dependence of the
ROFT partitioning into the NT on the membrane curvature, in
agreement with experimental observations (Figure S6).

We next quantified g for the fluorescently labeled AnV.
Following eq 1, the expulsion of the rigid inclusions from the
NT shall increase with a. Surprisingly, despite the large
difference in a (~30 nm? for AnV,™ and 2—3 nm? for ROFTs,
see Figure 1B) the AnV sorting was comparable with that of
ROFTs on PS-containing membranes (Figure 3B, green and
blue, no significant difference at P = 0.05). Similar weak
expulsion of AnV from NT was observed on ROFT-containing
membranes (Figure 3B apricot and green). Following eq 1, the
diminished expulsion of AnV might be associated with a much-
reduced kg, or, likelier, a greater preference for the NT
curvature parametrized by positive J. Such a preference would
be consistent with membrane insertion of AnV into the
hydrophobic core of the lipid bilayer,”" seen here as the weak
Ca’-independent AnV binding to both PS- and ROFT-
containing membranes (Figures 2B and S4). Furthermore, a
strong interaction between ROFTs and AnV, seen in
significant suppression of the ROFT exit from the NTs by
AnV (Figure 3B apricot and blue), implies that ROFTs might
be directly engaged in the formation of the hydrophobic
contacts between AnV and the membrane. We next tested
whether this complex set of interactions can be unraveled by
sNT conductance measurements.

Detection of the Bulk Partitioning of ROFTs and AnV
into sNTs. The sNTs are shorter and thinner than the NTs
pulled from GSB: the sNT length ranges from 80 nm to a few
microns and the luminal radius ranges from 2 to 10 nm (Figure
$7).'® The ionic conductance through the sNT lumen
measured in voltage-clamp mode is the major experimental
readout. The smallest sNTs resolve the conductance changes
due to molecular-scale membrane deformations. The longer
micron-length tubes report the real-time changes of the
average sNT radius (r) and the bending rigidity of the sNT
membrane (kyy) upon protein entry into or exit from the
tube.'® We note that kyp here is not a material parameter but
an effective rigidity modulus dependent on the molecular
exchange between the reservoir and sNT membranes.'”** As
such, it defines the sNT curvature:

pubs.acs.org/JACS
— knr
s 20 (2)

where ¢ is the reservoir membrane tension.*” In the stationary
state, kyr can be directly measured (Figure S7).'® We first
utilized this bulk “elastic” detection mode to characterize the
effect of AnV on kyr-

For rigid molecules such as ROFTs or AnV, that preserve
their shape during membrane deformations, kyr can be related
to the bending rigidity of the planar reservoir kg, as

3(g —1
kNT I~ kﬂa{l + w(l - %VJS)]

()
where r, is the stationary sNT radius. The kyr values
approached that of the pure lipid sNT, indicating strong
expulsion of 4 from sNT due to its high membrane curvature
(Figure 3C, upper graph and Figure S7). To reveal the
curvature dependence of kyp, we substituted eq 1 into eq 2

and, assuming J, = 0, we obtained kyy = kﬂat(l - %) The

quadratic dependence of kyr on the curvature of sNT obtained
experimentally with sNTs containing 4 confirmed the rigidity-
driven mechanism of ROFT expulsion from sNT (Figure S7).

Eq 2 shows that the softening of the SNT membrane due to
egression of 4 from the sNT is coupled to the reduction of r as

knr fs 4)

A gradual decrease of r indeed followed sNT formation
(Figure 3D upper panel, blue, Figure S8),"” with the amplitude
Ar = r, — r, estimating that of the bending rigidity Ak = kg, —
kyt. The decrease was detected in the presence of 4 but not in
the control single-lipid component tubes (Figure 3D, upper
panel, black and Figure s7)."? Using eq 4, we calculated kg,
from the measured kyr, Ar, and r, (Figures S7 and S8). As
expected, the addition of 4 drove kg, significantly above (P <
0.01) the bending rigidity of the reference lipid reservoir k
(Figure 3C, lower panel,). Importantly, the kg, values were
similar to those obtained from the kyr dependence on the SNT
curvature (0.75 + 0.04 X 10777, Figure 3C, analogous to 0.72
+ 0.02 X 107" J, Figure S7, at p = 0.05) but significantly larger
than kyp (at p = 0.01).

The rigidity increase allowed estimating the efficiency of the

incorporation of 4 into the reservoir membrane: using
kﬂat_

@y = Ttkl (Supplementary Model 3.1),"" we found ¢, =

0.16 + 0.0S. Crucially, this value closely matched the mole
fraction of 4 in the membrane-forming mixture, thus further
confirming the seamless incorporation of 4 into the reservoir
membranes (Figure 1A). We finally used eq 3 to obtain g and
@y from the difference between kg, and kyr (Supplementary
Models 3.1, 3.3, and eq SS). Again, in agreement with the
strong expulsion of 4 from highly curved sNT, we found @y &
0 (not significantly different from 0 at p = 0.1, Figure 3D, lower
panel).

With AnV (2 uM in the bulk) bound to either 4 (20 mol %)
or PS (20 mol %), the sNT bending rigidity remained much
higher than that of the lipid-only sNT (Figure 3C, upper
graph), in agreement with the efficient partitioning of AnV into
NT reported by fluorescence microscopy (Figure 3A). AnV
also augmented the amplitude of the decrease of r measured
after the sNT formation (Figure 3D, upper panel, orange and
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Figure S8) and, consequently, the increase of kg, (Figure 3C,
lower panel), thus ruling out the AnV softness as the cause of
its weak expulsion from the sNT. The dependence of kyy on
the sNT curvature measured with AnV was more complex than
with 4, with the fitting relying upon a moderately positive J
(Figure S7).

The kg, increase was similar on the 4- and PS-containing
membranes (Akg, ~ 4 X 1072° J). The ¢, estimation yielded
similar AnV coverage of the reservoir membrane for PS-
containing (¢, = 0.38 + 0.05, SD n = §) and 4-containing @, =
0.34 + 0.05 (SD n = 6) reservoirs (Supplementary Model 3.3).
In turn, the sNT coverage was found similarly lower (@yg ~
0.27, Figure 3D, lower panel).

The weak expulsion of 4- and PS-bound AnV qualitatively
agrees with the fluorescence microscopy observations (Figure
3C). Both data sets indicated that AnV could spontaneously
partition into the curved membranes of the nanotubes due to a
finite positive J.. We next asked whether AnV oligomers could
be moved from the planar reservoir to the sNT by ROFT-
mediated electrophoresis to assess the full spectrum of their
sizes and interactions.

ROFTs Enable Field-Controlled Partitioning of AnV
into sNT. An electric field driving the ionic current through
the sNT lumen also acts on charged molecular species in the
inner leaflet of the sNT membrane (Figure 4A).** In the
presence of 4, the increase of the voltage bias U in the lumen
to +150 mV triggered a gradual growth of the sNT
conductance, reversible upon the voltage decrease (Figure
4B, blue). The kyp measurements at the plateau revealed that

10 20 30
time (min)

Figure 4. Field-driven partition of AnV into PS- and 4-containing
sNTs. (A) Cartoon shows different pathways of molecular exchange
between the reservoir membrane and the sNT: field-driven exchange
mediated by 4 (blue and apricot), spontaneous (green, relevant to PS-
containing membranes), and stress-driven expulsion upon switching
off the voltage bias (purple). (B) Changes of r caused by the U
increase to +150 mV (+arrow) followed by the decrease to +50 mV
(—arrow). The sNT contains 4 (blue), 4 and AnV (apricot), and PS
and AnV (green). The time points are average values obtained from 3
to S independent experiments. (C) Boxplot shows the kyr
(normalized to kg,) measured upon voltage-driven expansion of
ROFT-sNTs (at the +U level seen in panel B, blue), upon the
expansion of ROFT-sNT with bound AnV (at the +U level seen in
panel B, orange), upon the constriction of ROFT-sNT with bound
AnV caused by the U decrease (at the +U* level seen in panel B,
purple), and upon spontaneous expansion of the PS-NTs with bound
AnV (see panel D, green). (D) Changes of r measured with PS-sNT
(black, control), PS-sNTs with bound AnV (green), and ROFT-sNT
with bound AnV held at U = —50 mV (apricot). The time points are
average values obtained from 3 to S independent experiments.

kyr increased above kg, (Figure 4C, blue), in agreement with
the voltage-driven accumulation of 4 in the sNT above its
reservoir concentration. No sNT expansion was observed in
the control experiments with sNTs containing PS and sNTs
containing 4 upon the negative voltage application (Figure S9).

AnV (2 pM in the bulk) significantly enhanced the field-
driven expansion of sNTs containing 4 (Figure 4B, apricot).
No voltage effect was seen with AnV bound to sNTs
containing PS (Figure 4B green), confirming that membrane-
spanning 4 was needed to translate the electrophoretic force to
the AnV bound to the outer sSNT monolayer. In agreement
with comigration of 4 and AnV, the kinetics of the sNT
expansion in the presence of AnV (7/ryr = 1.4 + 0.3 s/nm,
Figure 4B apricot) was about twice slower than in its absence
(3.5 + 1.1 s/nm, Figure 4B, blue). Curiously, AnV could also
cause spontaneous expansion of PS-containing sNT, albeit at a
much slower time scale (Figure 4D, green). No slow sNT
expansion was observed in the control experiments without
AnV (Figure 4D, black). Similarly, no expansion of sNTs
containing 4 with bound AnV was detected when a negative U
(=50 mV) was applied to suppress the entry of 4-AnV
complexes into the sNT (Figure 4D, orange and Figure S9).
We next assessed the AnV state on the expanded sNTs.

Detection of AnV Polymerization on the sNT
Membrane. Unlike with 4 alone, in the presence of AnV,
the voltage-driven sNT expansion was only partially reversible
(Figure 4B, +U*), implying that AnV accumulated on the SNT
membrane remained there and maintained ky; above kg,
(Figure 4C, purple). Importantly, the kyr became independent
of the sNT curvature indicating that the curvature-dependent
exchange of AnV between the sNT and reservoir membranes
was abolished (Figure S7), as AnV molecules on the sNT
membrane self-assembled into an extended lattice.”® Indeed,
the sNT coverage by AnV estimated for the rigidity increase
(pfr = 0.50 + 0.04, SD n = S, Supplementary Model 3.3)
approached that of the p6 lattice formed by AnV on a planar
surface. ™ **

The spontaneous expansion of PS-containing sN'T's was also
associated with a kyp increase comparable with that observed
upon the voltage reduction in sNTs (Figure 4C, purple and
green). The AnV coverage increased proportionally to kyr (to
@¥r = 046 + 0.04, SD n = 6, Supplementary Model 3.3),
implying spontaneous polymerization of AnV on the PS-
containing sNT. Importantly, no spontaneous sNT expansion
was detected without AnV (Figure 4D, black) or when AnV
bound to 4 was prevented from the sNT entry by negative U
(Figure 4D, apricot).

The formation of a stable AnV lattice on the SNT membrane
was further probed via variations in the sNT length. We found
that the dependence of the sNT conductance (Gyr) on its
length (Lyr) changed with AnV polymerization on the sNT
containing 4. Prior to the polymerization (at low U), we
recovered the hyperbolic Gyr(Lyr) characteristic for a cylinder
of a constant radius rg:

2
GNT ~ Ts /pNTLNT (5)

This dependence shows that SNT can be freely extracted
from and reinserted into the membrane reservoir (Figure SA).
Fitting Gyr(Lyy) obtained experimentally with eq 4 yielded
the sNT radius r, (Figure SB, -U)."® Upon voltage-induced
formation of a stable AnV coverage on the sNT surface (Figure
4, +U*), the Gyr(Lyr) dependence became nonsmooth with
visible jumps and inflection points, indicating a barrier for AnV

https://doi.org/10.1021/jacs.3c05753
J. Am. Chem. Soc. 2023, 145, 25150-25159


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05753/suppl_file/ja3c05753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05753/suppl_file/ja3c05753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05753/suppl_file/ja3c05753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05753/suppl_file/ja3c05753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05753/suppl_file/ja3c05753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05753/suppl_file/ja3c05753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05753/suppl_file/ja3c05753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05753/suppl_file/ja3c05753_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05753?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05753?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05753?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05753?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c05753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A B
08 R Fedkek
—= =12
gos{| E 3
I 710
Soalh =y 871 ¢
02 l s & 58
4 = C
O 00 z 6 .
U +0

N
o

GNT'pM (nm)
=)

Figure S. AnV scaffolds limit both the shortening and extension of
sNT. (A) Characteristic example of Gyronr changes with the Lyr
variations measured with sNT containing 4 and AnV prior to AnV
polymerization. (B) Boxplot shows the sNT radii calculated from
fitting Gyr(Lyr) dependences using eq 4. (C) Characteristic example
of Gyrpnr increase with the sNT shortening measured with sNT
containing 4 (purple) and PS (green) and AnV upon AnV
polymerization. (D) Example of the sNT extension and fission in
the presence of an AnV scaffold. The Gyr(Lyr) shows faster decay
than that predicted by eq 4 (gray dashed line).

transfer from sNT to the reservoir (Figure SC, purple). Fitting
of the dependence yielded higher r, (Figure SB, +U), in
agreement with the sNT expansion by AnV accumulated on
the sNT membrane (Figure 4B). Furthermore, at short lengths
(ranging between 90 and 220 nm), Gyr(Lyr) reached a
plateau (Figure SC, arrowhead), indicating the appearance of a
protein scaffold encaging the sNT and preventing further
decrease of the tube length (Figure SC, purple arrow). On the
PS-containing sNT, such a plateau was detected at the
beginning of shortening (Figure SC, green). In this case, the
protein scaffold covering the whole sNT maintained Lyrand r,,
and thus Gy, constant and could only bend upon the sNT
shortening (Figure SC, green path), eventually leading to tube
rupture. Hence, slow spontaneous entry of AnV into sNT
resulted in more complete and stable protein coverage,
indicating that the formation of the AnV lattice on the sNT
membrane is kinetically regulated.

Complete blockage of the sSNT shortening seen on the PS-
containing sNTs implied that the protein scaffold extended all
the way through the transition zone between the sNT and the
planar reservoir (Figure SC, cartoon). A protein scaffold
anchored to the reservoir membrane is expected to impair the
lipid efflux from the reservoir during the sSNT extension, with
the friction between the lipids and the scaffold contributing to
the constriction of the elongating sNT.** Indeed, we found
that the extension of SNT's covered by AnV scaffolds led to fast
constriction and fission (in 6 out of 6 cases, Figure SD).

Overall, the experiments presented above demonstrated that
AnV could polymerize on the highly curved membrane
templates. The moderate integral rigidity of the scaffold,
about 2 times bigger than that of the reference lipid bilayer
(Figures 3C and 4C), enables AnV polymerization on
membrane templates of different curvatures, making the
scaffold a polymorphic membrane-stabilizing tool. The above
results also indicate that the properties of the curved AnV
lattices could be kinetically controlled via the entry of small

oligomers. We next performed single-molecule assessment of
the entry process.

Detection of the Partitioning of Small AnV Oligomers
into the sNT. To detect AnV entry with single-molecule
resolution, we used sNTs with a length ranging from 100 to
250 nm and a radius of 6 to 8 nm."® Right after the increase of
the voltage bias to +150 mV (see Figure 4A,B), we detected
stepwise changes of the sNT conductance overlapped with an
upward trend of the baseline (Figure 6A, apricot). The small
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Figure 6. Detection of the entry/exit of individual AnV oligomers to/
from the sNT. (A). Stepwise conductance changes were detected
upon spontaneous (green) and voltage-driven (apricot) AnV entry
into sNT, as well as upon AnV exit driven by the length decrease
(violet). No stepwise changes were detected without AnV when sNTs
contained only 4 (blue traces). (B) Boxplot shows the changes of the
luminal volume of sNT corresponding to individual conductance
steps seen in A; the cartoon shows how the sNT cross-section is
expanded by a bound AnV monomer.

stepwise conductance increases indicated local expansion of
the sNT by individual AnV monomers or oligomers entering
the sNT from the planar reservoir membrane. Without AnV,
the conductance of the sNTs containing 4 showed no stepwise
changes upon the U increase, with the gradual growth of the
conductance (Figure 6A, blue) reminiscent of that recorded
with longer sNTs (Figure 4B, blue).

Similar stepwise conductance changes, albeit less frequent
and reversible, were detected with PS-containing sNT's prior to
AnV polymerization (Figure 6A green). As the AnV coverage
of such sNTs is relatively high (Figure 3D, lower panel), the
stepwise changes were interpreted as spontaneous entries and
exits of AnV oligomers. The sNT conductance increase was
associated with the local expansion of the sNT Iumen,
parametrized by the luminal volume increment (Av, Figure
6B)."* AnV entry produced extremely small Av values
consistent with molecular deformations (Figure 6B). Crucially,
Av@y correctly estimated the total increase of the sSNT volume
upon AnV entry measured at the end of the sNT expansion
(Figure 4B and Supplementary Model 3.3). Similar quantifi-
cation for the steps detected during the sNT shortening
(Figure SC) yielded much bigger Av, in agreement with the
formation of small elements of the AnV lattice (Figure 6,
violet)

To relate Av to the size of AnV oligomers in the membrane
plane, a simple ad hoc model for a local SNT deformation by a
flat and rigid disk of area a, mimicking slightly concave AnV
oligomers, was used (Supplementary Model 3.2 and Figure
$10). In the linear approximation, we obtained the following
equation: a4 & Av/r. Using this approximation, we found that
the Av measured on the PS-containing sNT corresponded to
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AnV monomer (a ~ 30 nm%*) while Av measured with 4

corresponded to a mixture of AnV monomers and trimers,
known precursors of AnV polymerization of the flat surface.*”

Comparison of spontaneous and voltage-driven entry of
AnV into sNTs (Figure 6B, green and apricot) revealed that
the curvature barrier between the planar reservoir membrane
and the sNT is surmountable only for the smallest AnV
oligomers with a comparable to the AnV monomers. The
barrier is to be relatively low to account for substantial
coverage of PS-containing NTs and sNTs by AnV (Figure
3B,D, lower panel). Nevertheless, using the rigid disk model,
we found that, even for the smallest Av associated with AnV
monomers, the barrier was around SkyT, that is, prohibitively
high for spontaneous crossing (Supplementary Model 3.2). As
the model correctly predicted the size of AnV monomers, a
correction factor not related to the molecular shape or rigidity
was needed to explain the spontaneous AnV partitioning into
the SNT membrane. We found that such a correction could be
associated with the membrane curvature dependency of the
hydrophobic interaction between AnV and lipids (Supple-
mentary Model 3.2).”" Interestingly, such a dependency is
formally equivalent to the introduction of an effective positive
J# (Supplementary Model 3.2), in agreement with the
experiment. We next found that with J* ~ 0.05 nm™, the
energy barrier for the AnV monomer entry to sNT reduced to
the values (~2kzT) fully compatible with the experiment
(Supplementary Model 3.2). The same J* value was used to fit
the dependence of kyp on the sNT curvature measured on
sNTs containing 4 in the presence of AnV (Figure S7). While
more is to be done to unravel the complexity of AnV
interactions with the lipid bilayer, these results highlight the
capabilities of ROFT-sNTs in obtaining fine molecular details
of the proteo-lipid interactions.

B DISCUSSION

The ability to create shapes through molecular self-assembly is
essential in both life and technology.5 However, few methods
are available to study this process with molecular precision and
establish a connection between the resulting mesoscale shapes
and their elementary molecular precursors. Within cells,
protein oligomerization and self-assembly can be facilitated
and guided by soft membrane templates, where the shape of
the membrane changes with the protein binding and self-
assembly." """ We showed here that the shape changes induced
by AnV bound to sNTs can be used to track in real-time the
oligomeric state of AnV on the sNT membrane. Both the
molecular-scale deformations caused by small oligomeric
precursors of AnV polymerization and the mesoscale expansion
and stiffening of sNT by the AnV lattice self-assembled on the
sNT surface were resolved. Simple elastic modeling indicated
that the small stepwise deformations (Figure 6B) could be
produced by rigid AnV oligomers, monomers, and trimers,
known elementary precursors of the planar AnV lattice.*”** In
turn, the moderate rigidity increase upon AnV accumulation
on the sNT membrane indicated that these rigid oligomers
self-assemble into a flexible cylindrical lattice.*®

Spontaneous and unexpected partitioning of AnV oligomers
to positively curved NTs was detected by both fluorescence
microscopy and conductance measurements (Figure 3), in
contrast with earlier association of their shape with negative
membrane curvature.”” Furthermore, the analysis of membrane
deformations imposed by AnV oligomers confirmed their
close-to-planar geometry. To explain their partitioning to NTs,

hydrophobic interaction stimulated by packing defects
associated with increasing membrane curvature were in-
voked.”"’ Introduction of a curvature-dependent hydrophobic
interaction explained the spontaneous size-dependent entry of
AnV, indicating a novel intricated mechanism of the curvature
sensing by AnV relevant to the overall complexity of
membrane interactions by annexins.”’ The sensing is defined
by two antagonistic factors, the concave molecular shape of
AnV and its interaction with the hydrophobic core of the lipid
bilayer, which can be parametrized by an effective positive J¥
(as summarized by eq 1). As a result, AnV monomers are
ambivalent toward the positive mean membrane curvature:
they can be both attracted to or repelled from the membrane
templates of positive curvature, depending on the ratio
between the membrane curvature value and JF.

Spontaneous, or ROFT-assisted, partitioning of small AnV
oligomers into the sNT was effective enough to enable further
AnV self-assembly into a curved lattice. Importantly, the self-
assembly process is kinetically controlled, with the faster
ROFT-assisted assembly leading to less regular, fragmented
lattices (Figures SC and 6A, purple). The differences between
the lattices forming on the sNT containing PS and 4 can be
interpreted in terms of the number of nucleation events.*>**
The slow, sigmoidal time dependence of the lattice formation
on the PS-NTs (Figure 4D, green) indicates that the
nucleation is a rate-limiting step, with a single nucleation
event leading to the complete lattice. In turn, the AnV
crowding on the sNT enforced by 4-mediated electrophoresis
triggered the formation of multiple nucleation points and, as a
result, rival polymerization processes, leading to more
fragmented sNT coverage.

Our major criterion for the lattice appearance was the
impairment, followed by complete obstruction, of sNT
retraction to the reservoir membrane (Figure SB,C). Such
obstruction, also observed by fluorescence microsco7py, is
characteristic for protein scaffolds encaging sNT.'"” The
experiments with the sNT extension further confirmed
formation of the scaffold restricting the material exchange
between the reservoir membrane and the sNT. The extension
caused fast constriction and fission of the sNT (Figure SC), a
behavior earlier associated with the frictional drag imposed by
the protein scaffold.”*>* The ability of AnV to form such
scaffolding suggests its direct involvement in membrane fission
during membrane recycling and repair.”

While we detected spontaneous self-assembly of AnV on the
sNT membrane, synthetic ROFT BAs played a key role in the
mechanistic assessment of the self-assembly process. ROFT-
mediated AnV entry to sNTs from the planar membrane
reservoir revealed the well-characterized small oligomeric
precursors of the planar AnV lattice (Figure 6, apricot),*”**
thus validating our detection method. In turn, the ROFT-
mediated exit of AnV confirmed the oligomerization seen as
the increase in the conductance signal (Figure 6, violet). Our
interpretation of the conductance changes, as well as our
understanding of the mechanisms of protein binding by
ROFTs, are presently basic and incomplete. However, we note
that the above proof-of-principle analyses were conducted
using simple symmetric ROFT prototypes. Further modifica-
tion of ROFTs directed toward shape/rigidity variations and
chemical recognition of proteins is possible. Indeed, the
control of OF shape has found extensive use in the field of
molecular recognition,s‘}’_56 and several reports describe OF
self-assembly into vesicles, fibers, gels, and liquid crystals.””~*
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Controlled alterations of the shape and molecular rigidity of
ROFT could reveal how local mechanical properties of the
membrane change upon protein adsorption and, in turn, affect
the protein functions. The shape flexibility might further
encode complex responses to membrane stresses, "’ with
additional experimental readouts and means of regulation of
the ROFT membrane partitioning enabled.

B CONCLUSIONS

Label-free real-time interrogation of protein interactions is
imperative for understanding their functions in the cell and
unraveling complex and dynamic protein interactomes. Here,
we showed that tiny lipid membrane nanotubes constricted to
almost molecular dimensions and equipped with ROFTs can
be operated as primitive externally controlled nanoreactors
able to contain, drive, and report on protein interactions at the
membrane surface. In its simplest form, the ROFT-sNT
prototype demonstrated its capabilities to resolve molecular
details of AnV oligomerization and membrane interactions.
Advancing the ROFT chemistry, sSNT design, and the means of
the interpretation of the current changes detected by the
ROFT-sNT shall greatly expand its detection capabilities,
potentially making it a highly selective tool for affinity and size
recognition of molecular species and investigation of their
interactions on and with the membrane.
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