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ABSTRACT: Positive strand RNA viruses replicate in specialized
niches called membranous web within the cytoplasm of host cells. These
virus replication organelles sequester viral proteins, RNA, and a variety
of host factors within a fluid, amorphous matrix of clusters of
endoplasmic reticulum (ER) derived vesicles. They are thought to
form by the actions of a nonstructural viral protein NS4B, which
remodels the ER and produces dense lipid−protein condensates. Here,
we used in vitro reconstitution to identify the minimal components and
elucidate physical mechanisms driving the web formation. We found
that the N-terminal amphipathic domain of NS4B (peptide 4BAH2) and
phospholipid vesicles (∼100−200 nm in diameter) were sufficient to produce a gel-like, viscoelastic condensate. This
condensate coexists with the surrounding aqueous phase and affords rapid exchange of molecules. Together, it recapitulates the
essential properties of the virus-induced membranous web. Our data support a novel phase separation mechanism in which
phospholipid vesicles provide a supramolecular template spatially organizing multiple self-associating peptides thereby
generating programmable multivalency de novo and inducing macroscopic phase separation.

■ INTRODUCTION

More than a century ago, Edmund B. Wilson advanced the
corpuscular conception of the cytoplasm.1 Reconciling micro-
scopic observations of living protoplasms of eggs of
echinoderms, he postulated a complex structure for the cellular
interior: a hierarchically organized emulsion of liquids
suspended in a continuous fluid substance. The emulsion
consists of a dynamic meshwork of a dispersed granular phase or
“alveolar bodies” and smaller fluid granules or “microsomes” of
well-differentiated chemical compositions. One hundred years
later, this mosaic view of the cytoplasm is beginning to re-
emerge2−4 with a twist: the purported roles are reversed. Wilson
regarded the granules to be of “secondary origin and importance”
emphasizing that the protoplasmic activities reside in the
continuous background phase. The emerging new view, by
contrast, recognizes the colloidal, fluid or gel condensates
(membrane-less compartments in space and time, which
concentrate some biomolecular components and exclude

others) to be functionally relevant both for the normal working
and pathophysiology of the living cell. It regards their biogenesis,
including the underlying thermodynamic mechanisms of
liquid−liquid phase separation (LLPS) and liquid−solid (or
fluid-gel) phase transitions5,6 to represent universal biological
strategies for the living cell. These mechanisms enable living
cells to dynamically organize the intracellular space and achieve
an efficient spatiotemporal control over the diversity of
simultaneous, diffusion-limited biochemical reactions inside.
The new condensate hypothesis is gaining significant

experimental support from a rapidly accumulating body of
work, which now includesmany diverse cases spanning bacterial,
fungal, plant, and animal cells. The most well-known examples
are ribonucleoprotein (RNP) bodies7 comprised of protein and
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RNA molecules. Among others, these include Cajal bodies8 and
nucleoli9 in the nucleus, which mediate ribonucleoprotein
assembly, stress granules10,11 and processing bodies12 in the
cytoplasm, of which the latter regulate RNA stability and protein
translation in response to stress stimuli.13,14 Other examples of
intracellular liquid assemblies, which are composed only of
protein molecules include clusters of signaling molecules, which
“wet” the membrane surface such as during activation of T-cell
receptors15 and of actin nucleation factor.16 Furthermore,
mounting evidence now suggests that the errors in biological
regulation of these condensates is often associated with the
formation of extended gel- or solid-like protein aggregates,17

which characterize many age-related pathologies, including
cancer18 and neurodegenerative diseases19.20

In all of these cases, although the number of different
molecules present in single droplets is often large, only a handful
are thought to be responsible for driving the condensate
formation.5,6,21 Recent studies focusing on the mechanisms of
intracellular phase transitions invoke multivalency as the
primary driving force: multiple low-affinity, transient inter-
actions between interacting proteins such as what occurs in
repetitive sequences of intrinsically disordered domains of low-
sequence complexity, or prion-like domains.22,23 Beyond a first
threshold concentration, thesemultivalently interacting proteins
undergo a molecular-level “sol−gel” transition, which drives
liquid−liquid phase separation into protein-rich and protein-
poor phases, at the macroscopic level. In close analogy with the
thermodynamic phase separation of polymers, this process offset
the loss of mixing entropy through chain-configurational
entropy.6,21 Moreover, these multivalent proteins, in many
cases, upon exposure to non-native environments or crossing a
second threshold in concentration above which the initial fluid
droplets transform into irreversible gel- or solid-like condensates
(e.g., amyloids) linking physiological droplets with pathological
solids.
The realization that cytoplasmic condensates may act as

efficient, functional supramolecular devices for establishing
spatiotemporal control of cellular reactions raises an intriguing
question: as with other cellular processes, are these droplet-
producing phase separation and phase transition mechanisms
vulnerable to viral hijacking?24 As obligate intracellular
pathogens, viruses derive their success by replicating within
host cells. They achieve this, most frequently, by transiently
assembling host-cytoplasmic compartments or virus replication
organelles (VROs)25 that sequester components from the virus
(RNA and proteins) and the host (proteins, membranes and
lipids). This assembly draws protection from host proteases and
nucleases, suppressing competing host defensemechanisms, and
enables viral replication.26 A striking example is the so-called
“membranous web” (MW) in the cytoplasm of cells infected by
positive strand RNA viruses, such as Hepatitis C virus.27 Acting
as VROs,28 these spatiotemporal clusters form by the
remodeling of the endoplasmic reticulum (ER). They are
composed of clusters of ER-derived vesicles, 80 to 180 nm in
diameter and a number of viral proteins, replicating RNA, and a
variety of host factors,29 all packaged in a fluid amorphous
matrix. Among viral proteins, a nonstructural protein, NS4B (27
kDa, 261 amino acids),30 which is a highly hydrophobic integral
membrane protein, is identified as the initiator of the MW
formation by deforming the ER membrane.30,31 Although the
precise mechanisms by which NS4B induces local curvatures
and topological divisions at the ER membrane surface needed to
form precursor vesicles of the MWs are not known, a highly

conserved, structurally resolved, and largely cytosolic N-
terminal amphipathic α-helix domain (AH2), which extends
from amino acids 42 to 66, is thought to play a critical role.31,32

This α-helical domain may alter the ER membranes either by
inserting the hydrophobic face at the headgroup-tail interface of
the phospholipids33 or by adopting a transmembrane con-
formation upon oligomerization.34 Viewed from the lens of the
fluid-condensate hypothesis, the MWs share functional
characteristics with the cytoplamic droplets, but, the mecha-
nisms of their biogenesis, their material properties, andmodes of
their activities are largely unknown. From a structural viewpoint,
for instance, little is known about (1) the physical mechanisms
driving the formation ofMWs; (2) the material characteristics of
the MW, including details of their phase state, microstructure,
permeability, and mechanical properties; and (3) minimal
requirements for the MW formation, including whether NS4B
recruits other host proteins to form the membranous web or
induces web formation by itself.

■ EXPERIMENTAL SECTION
Materials. Deuterium oxide (D2O, 99.9%), DMSO-d6 (99.9%),

calcein, sodium chloride (NaCl, >99.5%), urea, tris(hydroxymethyl)-
aminomethane (tris), sodium dodecyl sulfate (SDS) were purchased
from Sigma-Aldrich. Phosphate-buffered saline (PBS) was from
Vivantis Technologies (Selangor, Malaysia). 1,2-Dioleoyl-sn-glycero-
3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC), egg sphingomyelin (SM), cholesterol, and
lissamine rhodamine B 1,2-dipalmitoeyl-sn-glycero-3-phosphoethanol-
amine (Rhod-DPPE) were purchased form Avanti Polar Lipid
(Alabaster, Alabama, USA). 4BAH2 (H-WRTLEAFWAKHMWNFIS-
GIQYLA-NH2) were acquired from Anaspec Inc. (Fremont, CA). All
chemicals were used without further purification. 96-well plates were
obtained from Ibidi GmbH (Planegg/Martinsried, Germany).

Preparation of Large Unilamellar Vesicles (LUVs). Desired
amounts of lipids in chloroform (DOPC, POPC or POPC/SM/
Cholesterol, 1:1:1 molar ratio) were added to a glass tube. The
chloroform was evaporated under nitrogen gas and subsequently dried
under vacuum overnight. The dried lipid film was then rehydrated in
Tris-buffered saline (150 mM NaCl, 10 mM Tris, pH 7.5) by brief
vortexing and stirred for 2 h at 1−2.5 mg mL−1. For LUVs prepared at
pH 4 and pH 10, rehydration was performed in 5 mM Glycine buffer
and sodium acetate buffer, respectively. The multilamellar vesicle
suspensions were subsequently passed through an Avanti Mini-
Extruder (Avanti Polar Lipids, Alabaster, AL) 21 times at room
temperature for DOPC or POPC and at 50 °C for POPC/SM/
Cholesterol LUVs. The extruder was assembled with 50, 100, 200, or
1000 nm polycarbonate membranes and two 1 mL gastight syringes
from Hamilton (Reno, NV). The vesicles were then used immediately
or stored in small centrifuge tubes at 4 °C. Vesicles size distributions
were verified by dynamic light scattering using Particle Size Analyzers
by Brookhaven Instruments Corp. (Holtsville, NY, USA). For
fluorescence microscopy experiments, 0.1 mol % Rhodamine-DPPE
was added to the initial chloroform-dissolved lipids in glass tubes.

Preparation of 4BAH2 Peptide Stock Solutions. 4BAH2 was
dissolved to a stock concentration of 340−690 μM (H2O + 5% v/v
DMSO) and was divided into aliquots and stored in the freezer at −20
°C.

Time-Lapse Photography. Vesicle solutions were diluted to 0.4
mg/mL in a cuvette and 4BAH2 was added by using a manual pipet
slowly (5−10 s) to a final concentration of 2.5−10 μM. Time-lapse
images were captured using a iPhone 6 or iPhone 7 (Apple Inc.,
Cupertino, California) at 30 or 60 frames per second. Contrast-
enhanced images were prepared using Fiji.35

Preparation of Giant Unilamellar Vesicles (GUVs). A 1 mg
mL−1 lipid stock of POPC, doped with a 1 mol % of Rho-DPPE was
prepared. 20 μL of the lipid mixture (20 μg) was deposited on a clean
ITO-coated glass slide and dried under vacuum for 1 h. The dried lipid
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cake was flooded with 225 μL of 200 mM sucrose within an area
delimited by an O-ring, and covered with a second ITO-coated glass
slide. Electroformation36 was carried out at 25 °Cwith application of an
AC current at 5 Hz and 3 V for 120 min. The GUVs were suspended in
the isotonic glucose solution of identical osmolarity for microcopy
imaging on an inverted Eclipse TE 2000 microscope (Nikon) fitted
with an Andor iXon+ EMCCD camera (Andor Technology, Belfast,
Northern Ireland).
Wide-Field fluorescence Microscopy. DOPC LUVs doped with

0.1 mol % of Rhod-DPPEwere prepared as described above and diluted
to approximately 0.4 mg/mL in Tris-buffered in a 96-well plate. 4BAH2
was added to a final concentration 1−2.5 μM. Images were captured on
an inverted Eclipse TE 2000 microscope (Nikon) fitted with an Andor
iXon+ EMCCD camera (Andor Technology, Belfast, Northern
Ireland). Samples were visualized using a 60× oil immersion objective
(NA 1.49) or a 20× objective and TRITC (Rhod-DPPE) and FITC
(calcein) filter sets with a mercury lamp (Intensilight C-HGFIE; Nikon
Corporation).
Fluorescence Recovery after Photobleaching (FRAP). LUVs

solution was diluted to 0.4 mg/mL in a 96-well plate and 4BAH2 was
added by using a manual pipet slowly (5−10 s) to a final concentration
of 2.5 μM. Images were captured on an inverted Eclipse TE 2000
microscope (Nikon) fitted with an Andor iXon+ EMCCD camera
(Andor Technology, Belfast, Northern Ireland). FRAP experiments
were performed with a 50 mW 561 laser line. The gel was viewed with a
60× oil immersion objective (NA 1.49) and Rhod-DPPE probe was
bleached in a circular region (diameter = 10 μm) at maximum laser
power for 7 s. Four prebleached frames with an interval of 2 s were
recorded and the recovery of fluorescence was measured up to 2400 s
with an interval of 30 s.
The fluorescence recovery curve of each gel area studied was fitted to

a double term equation (Ifit2 = I0 − ae−βt − γe−δt) and the half-time for
recovery, t1/2 was computed using EasyFRAP-web.37 The diffusion
coefficient, D, was calculated using = +D r r t( )/8e

2
n

2
1/2,

38where rn is
the radius of the user-defined bleached spot and re is the effective radius
calculated from the postbleach profile, estimated in Fiji.

Dye Permeation Assay. Calcein was dissolved in small amount
(0.5 mL) of 1 M NaOH and PBS was added to reach a final
concentration of 50 mM and pHwas adjusted to pH 7.5. LUVs solution
was diluted to 0.4 mg/mL in a 96-well plate and 4BAH2 was added by
using a manual pipet slowly (5−10 s) to a final concentration of 2.5 μM
to form a gel. The gel was let to settle for about 10min. Calcein was then
added to a final concentration of 50 μM and the preformed gel was
incubated for 10 min. The excess calcein in the LUVs solution was
serially diluted and the fluorescence images of the calcein-loaded gel
were captured on an inverted Eclipse TE 2000 microscope (Nikon)
fitted with an Andor iXon+ EMCCD camera (Andor Technology,
Belfast, Northern Ireland). Samples were visualized using a 60× oil
immersion objective (NA 1.49) or a 20× objective and FITC (calcein)
filter sets with a mercury lamp (Intensilight C-HGFIE; Nikon
Corporation).

Infrared Spectroscopy. Infrared measurements were performed
on a Vertex 70 (Bruker, Ettlingen, Germany), equipped with a MIRacle
(PIKE Technologies, Madision, Wisconsin, USA) attenuated total
reflection unit, which contained a single reflection diamond (angle of
incidence = 45°). During the measurements, the spectrometer was
purged with N2 gas to remove CO2 and water vapor. Spectra were
recorded with a spectral resolution of 4 cm−1 in double-sided
acquisition mode with a photovoltaic liquid nitrogen cooled mercury
cadmium telluride detector. Static measurements were taken with 1500
scans. For kinetic measurements, spectra were taken at a 1 min interval.
Spectra were calculated using a Blackman-Harris 3-term apodization
function and zero filling factor of 2. 4BAH2 was dissolved in D2O,
which contains 5%DMSO-d6 by volume and adsorbed on the surface of
the surface of the ATR-element over 45 min. 50 nm DOPC LUVs
solution (2.5 mg/mL) were added and incubated for 45min. In another
experimental setup, the sequence of addition of peptide and LUVs
solution was reversed. Data acquisition and analysis were done with
OPUS 6.5 and OriginPro 2015.

Tryptophan Fluorescence Spectroscopy. Fluorescence emis-
sion scans (Ex = 295 nm, Em = 330−355 nm) were collected for
4BAH2 alone and a mixture of 4BAH2 and LUV, prepared as described
above, at pH 4, pH 7.5 and pH 10. 4M urea and SDSwere subsequently

Figure 1. Macroscopic sol−gel transition of 4BAH2 and large unilamellar vesicles (LUVs). (A) The minimal, two components required for gel
formation. (B) A typical contrast-enhanced photograph of the gel. (C) Time-lapse photography of the gel formation when 5 ul of 4BAH2 (575 μM)
peptide was pipetted into a LUV suspension (0.4 mg/mL). (D) Enlargement of a selected region (from t = 22 s in C) highlights the angled structure
(dotted lines) of the gel.
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added and the emission scans were collected. Intensity values at 340 nm
from the emission scans were plotted as a function of time. The
experiments were repeated 3−5 times.
Cryogenic Electron Microscopy. Electron microscope grids,

coated with a holey carbon film (R2/2 Quantifoil without 2 nm
carbon), were glow discharged. A gel was prepared by pipetting 5 μL
peptide stock (575 μM) into 50 μL LUVs solution (2 mg/mL). 4 μL of
gel-containing solution was deposited onto a grid at 99% humidity,
blotted with filter paper (2 s blotting time, 0 blot force), and plunged
into liquid ethane (Vitrobot, FEI Company). Cryo-grids were imaged
using a FEG 200 keV transmission electron microscope (Arctica, FEI
Company) equipped with a direct electron detector (Falcon II, Fei
Company). Images were recorded at a nominal 53 000× magnification
with an integration time (exposure time) of 1 s. Line scans to plot
density distribution across high- and low-density features were carried
out in Fiji.35

■ RESULTS AND DISCUSSION

In the work reported here, we demonstrate a minimal in vitro
reconstitution model of the membranous web. We find that the
N-terminal amphipathic domain of NS4B (4BAH2 peptide) and
large unilamellar phospholipid vesicles (∼100−200 nm in
diameter, LUVs) represent the minimal number of components
needed to produce MW-like assemblies (Figure 1): A simple
incubation of the two constituents, amphipathic peptide and the
lipidmesophase, triggers a striking isothermal, sol−gel transition
producing a gel-like viscoelastic condensate, which stably
coexists with the surrounding medium (Figure 1), reminiscent
of the virus-induced membranous web. More generally, our
results suggest that the biogenesis of condensed cytoplasmic
phases is not confined to multivalent, intermolecular RNA-
protein or protein−protein interactions alone, but rather
supramolecular assemblies (i.e., vesicles) can spatially template

effective multivalency de novo between otherwise weakly
interacting proteins.
We began by pipetting aliquots (5 μL) of the buffered

solutions of peptide 4BAH2, which presents the AH2 domain
sequence of NS4B (50−500 μM), into a 1 mL suspension of
LUVs (0.4 mg/mL, 100−200 nm in diameter) composed of a
simple phospholipid, namely, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) in the same buffer (see Experimental
Section). When the concentrations of peptide solutions were
low (<50 μM), the solutions remained clear. Above this
threshold, however, a new phase demixed instantaneously
(Figure 1). Here, during a slow and continuous pipetting of the
peptide solution (>50 μM aliquots), a translucent phase
emerged at the point of contact, which grew as more peptide
was added producing a remarkable macroscopic columnar phase
floating in the surrounding aqueous environment (Video S1).
When aliquots were added in multiple steps, each step produced
a separate translucent phase suggesting a kinetically controlled
gelation. Quite frequently, the emergent columnar phase
displayed a striking beads-on-a-string (BOAS) morphology39

elongated along its long axis, reminiscent of capillary thinning of
threads of viscoelastic fluids subject to linear stretches. This
simple and casual observation provides an early hint for the
incipient sol−gel transition suggesting the formation of a
viscoelastic phase prompted by the interaction of the peptide
with the vesicle. Unlike the conventional evolution of the BOAS
morphologies, the translucent, columnar phase, however, did
not breakup, but rather evolved into a sheet-like morphology
with nonspherical boundaries over the course of several seconds.
The angled morphology is further consistent with the incipient
sol−gel transition (Figure 1d).

Figure 2. Characterization of lateral diffusion of phospholipid vesicle, molecular permeation and viscoelastic properties of the gel. (A) Lef t panel.
Selected fluorescence image sequences of a 0.1% Rhodamine-DPPE doped gel. Fluorescence was monitored before and directly after photobleaching,
up to 2400 s. Right panel. Normalized fluorescence recovery curves for FRAP experiments showing average of independent measurements of two
different spots on the gel. (B) Molecular permeation assay of loading and unloading of calcein. Gel is formed in calcein-free solution and exposed to
calcein (50 μM), followed by dilution of the free calcein in the gel exterior (t = 0 s). (C) Frequency sweep measurements of storage (G′; red) and loss
(G′′; black) moduli of the gel (closed symbols) and LUV suspension (open symbols).
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If left undisturbed, the translucent gel-like phase remained
stable for days, even months. The solutions could be shaken
without disturbing the gross morphology of the translucent
phase, but not stirred. Vigorous stirring unraveled the
macroscopic morphology yielded finer aggregates, which
remained suspended in the aqueous solution. Examination of
these “aggregates” under optical microscope revealed micro-
scopic particles of arbitrary, irregular shapes, which did not
spontaneously merge or coalesce, consistent with their gel-like
properties (Figure S1). Moreover, when we incubated the
peptide with fluorescently doped LUVs containing a small
proportion of (∼0.1 mol %) Rhodamine-DPPE, the gel phase
acquired the lipid fluorescence confirming the accumulation of
the lipid component within the gel. The ratio of fluorescence
intensity in the gel-like phase and the surrounding bulk revealed
5−15-fold enrichment of vesicles in the gel-like condensates.
Moreover, we employed a fluorescence recovery after photo-
bleaching (FRAP) experiment to measure the diffusivity of
intact vesicles within the condensates, in analogy to measuring
lateral diffusivity of phospholipid within a bilayer. This
microscopy-based test revealed the long-range diffusivity of
fluorescently doped vesicles within the condensed phase to beD
= 6 (±2) × 10−10 cm2 s−1 with a significant immobile fraction of
>50% (Figure 2a). Contrasting with the diffusion of free vesicles
(Dfree ∼ 1−10 × 10−8 cm2 s−1) in water,40 this represents a 2
orders of magnitude slower mobility of the constituent vesicles
entrapped in the condensed phase. Such drastic reduction in
mobilities of vesicles, under otherwise comparable conditions,
can be readily attributed to changes in solution viscosities. For
example, a previous study has shown that the presence of 5 mg/
mL mucin, which elevates the solution viscosity by 50%
( ≥η

η
1.5

o
, where η is the solution viscosity and ηo, the solvent

viscosity), lowers vesicular mobilities by a full order of
magnitude in comparison with pure water.41,42 Based on the
above, it seems reasonable that the condensed gel-like phase
presents a highly viscous environment for the encapsulated
vesicles.
This concentration-dependent and peptide-induced sol−gel

transition of a vesicular suspension appeared to weaken with less
intense remodeling at acidic pH (below the pKa of 4BAH2),
suggesting the importance of ionic interactions for the phase
transition (corresponding data is presented later in Figure 4a).
This is further confirmed by the observations that the exposure
to ionic detergent (SDS) dissolved the gel, but a nonionic
detergent (triton x-100) failed to induce any measurable
change.43 Moreover, the phase transition producing the gel-
like phase was not affected by the chemical composition of the
constituent vesicles, but depended strongly on the curvature of
the vesicles. Replacing the single phospholipid, i.e., POPC, with
a mixture consisting of DOPC, sphingomyelin, and cholesterol
at equimolar ratio, which mimics the essential lipid composition
of the membranous web and the viral envelope,44,45 yielded
qualitatively similar results (Figure S2a). But when LUVs
(∼100−1000 nm in diameter) (Figure S2b) were replaced with
giant vesicles (>10 μm in diameter), the gel formation was
noticeably suppressed. This then suggests, but does not
conclusively establish, the plausible role of nanometer scale
curvatures of LUVs in promoting the sol−gel transition (Figure
S3). Additional experiments using vesicles of systematically
varied curvatures under comparable solution conditions are
needed to accurately determine the importance of vesicular
curvatures in facilitating the observed sol−gel transition.

The condensate hypothesis for the living cell stipulates an
important requirement for their functionality: an ability to not
only sequester specific biochemicals in their interior but also
exchange molecules (and signals) with their surrounding
cytoplasmic environment. To determine whether the minimal
membranous web-like phase demonstrated here is also capable
of exchanging molecules with the environment, we carried out
molecular permeation assays. We incubated a preformed gel in
the calcein-laden solution for∼10 min followed by the exchange
of solution using calcein-free buffer. A simple examination of the
calcein-exposed gel under a fluorescence microscope yielded a
clear evidence of the molecular uptake: the gel was rendered
fluorescent. Over time, the fluorescent gel gradually released the
trapped calcein as seen in the gradual increase in the
fluorescence intensity of the surrounding solution (Figure 2b).
This simple test, further confirmed by FRAP measurements,
establishes that the lipido-peptide, gel-like condensate is indeed
permeable, capable of exchanging small molecules with its
aqueous environment.
To quantify the viscoelastic characteristics of the condensates,

we carried rheological measurement. After a careful removal of
the bulk vesicle suspension, we subjected the residual
condensate gel to sweeps of shear oscillations in amplitude to
identify the linear viscoelastic (LVE) regime for the gel response.
Within the LVE regime, we chose 0.3% strain for subsequent
frequency sweeps measurements to deduce the complex
viscoelastic modulus of the condensed phase. The results
(Figure 2c) reveal that the elastic (or storage) modulus
dominated the response over the viscous (or loss) modulus at
all frequencies, G′(ω) > G′′(ω), a clear confirmation that the
condensate exhibits gel-like viscoelastic characteristics. The
absolute values of the twomoduli fell in the ranges of 20−100 Pa
for G′ and 2−20 Pa for G′′ across multiple independent
measurements suggesting the formation of a weak physical gel.46

As expected, parallel measurements of vesicle suspension alone
(without peptide) produced an essentially liquid-like response
comparable to that of aqueous suspensions or water.
What is inside the condensates? To identify the molecular

constituents of the newly formed gel phase, we used attenuated
total reflection-Fourier transform infrared spectroscopy (ATR-
FTIR) measurements. The spectra of the air-dried (or
lyophilized) gels deposited directly onto the infrared reflection
element displayed peaks due to two sets of characteristic group
frequencies: (1) a low-frequency peak at approximately 1645
cm−1, corresponding to the Amide I band, which originates from
the CO stretching vibration of the amide group coupled with
the in-phase bending of the NH bond and stretching of the
CN bond47 and (2) a high frequency absorption envelope
consisting of peaks at∼2850 and∼2918 cm−1 due to methylene
CH symmetric (d+) and antisymmetric (d−) stretching
vibrations,48 respectively (Figure 3a). The former, amide I
absorption peak, confirmed the incorporation of the peptide and
the latter, the vesicles in the incipient gel.
To better characterize the gel formation process, we

monitored the spectral response in real-time by adding the
peptide onto lipid vesicles presettled onto an ATR crystal
(Figure S4a). Immediately after the addition of the peptide, the
peak due to the peptide-associated Amide I band (∼1650 cm−1)
appeared, and grew monotonically over the course of next 20
min. Concomitantly, the intensities due to the methylene
vibrational modes (2925 and 2854 cm−1) also increased
suggesting the recruitment of additional vesicles at the vesicle-
laden crystal interface in the presence of the peptide. Repeating
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the experiment by switching the order in which the two gel
forming components are presented to the ATR surface, adding
vesicles to the crystal surface presaturated with the peptide,
confirmed the foregoing inference (Figure S4b). Here, the
addition of vesicles instantaneously increased the intensities due
to methylene CH stretching vibrations while increasing the
intensity of the Amide I band further (Figure 3b). Together,
these observations document the cooperative nature of

interactions between the precursor vesicles and the peptide
driving the growth of the gel-like condensate.
The position of the Amide I band is a sensitive indicator of the

peptide’s secondary structure. The dominant peak at 1658 cm−1

can be readily assigned to the predominantly α-helical
structure.49 Because of the differences in the patterns of H-
bonding and local geometric orientations of amide bonds in
secondary structural folding including α-helices, β-sheets, β-turn
and random coil, precise positions of the components of the
Amide I envelope sheds further light on the peptide structure in
the gel. In the present case, a comparison of the positions of the
Amide I components (resolved using second derivatives of the
spectral envelopes) between the free peptide and that
conjugated with lipid vesicles in the gel reveal noticeable shifts
from the positions of 1653, 1643, and 1633 cm−1 (free peptide)
to 1658, 1647, and 1637 cm−1 (gel), respectively (Figure 3c).
These shifts are consistent with the changes the H-bonding
bridges of the α-helical peptide50−52 and those between the
amphipathic peptide and the membrane as it integrates into the
viscoelastic gel architecture.
To further assess the nature of interactions between the

peptide and the vesicles driving the gel formation, we monitored
the changes in the intrinsic tryptophan (Trp) fluorescence, a
diagnostic marker of the polarity of the local environment within
which the fluorophore resides.53 We found that the addition of
4BAH2 to a vesicle suspension led to a rapid increase in the Trp
fluorescence intensity (Figure 4b). These observations indicate
the shift in the microenvironment for the Trp residues on
4BAH2 from the polar environment of the aqueous phase to the
less polar environment, likely because of their plausible
localization at the membrane interfaces (see below).
Next, we sought to address how the coexisting vesicular and

peptide components are spatially organized in the gel using cryo-
electron microscopy (cryo-EM) measurements. We prepared
the samples by flash-freezing the gels isolated from the precursor
aqueous solution using liquid ethane and imaged in thin vitrified
amorphous ice layer, unfixed and unstained. The images display
a strikingly ordered organization characterized by a honeycomb-
like lattice extending across the entire imaged area suggesting
templated hierarchy in the organization of the vesicular and
peptide components (Figure 5 and Figure S5).
To deduce details about the spatial organization in the gel, we

next examined electron scattering profiles. Plotting the scattered
intensities across line scans over several honeycomb cells reveal
several noteworthy features of the gel organization. First, an
average linear dimension of individual cells in the honeycomb
lattice estimated at 91± 19 nm (n = 35). Moreover, a dark band
of uniform width delimited the honeycomb cells, which
averaged at 4.16 ± 0.67 nm (n = 30). The former value is
consistent with the size of a single vesicle and the latter, the
thickness of a single bilayer bounding the vesicle, together
suggesting an ordered lattice-like assembly of deformed vesicles.
Second, we found that the spacing between neighboring cells is
3.79± 0.83 nm (n = 80). Assuming themajor scattering portions
in the gel are the hydrophilic headgroups of the lipids, the
uniform density distribution of the dark bands suggests that the
membrane of the deformed vesicles are structurally preserved
across the vesicle perimeter. What then determines the spacing
between the vesicles? Based on a previously solved solution
NMR structure of a NS4B consensus sequence,31 4BAH2 is
approximately 3.3 nm in length. Considering the small size of
4BAH2 (>10 times smaller than the theoretical lower size limit
of cryo-EM for unstained biological sample −2.8 kDa against 38

Figure 3. Compositional characterization of the gel by ATR-FTIR
spectroscopy. (A) Absorbance spectra of the air-dried (red) or
lyophilized (black) gels deposited directly onto the infrared reflection
element. (B) Absorbance spectra after 4BAH2 incubation (black) and
after subsequent LUVs addition (red) at liquid state. The difference
spectrum (blue = red-black) is overlaid. (C) 2nd derivatives (lines with
open symbols) of the absorbance spectra (lines with closed symbols)
after 4BAH2 incubation (black) and after LUV addition (red) from
1600 to 1700 cm−1. The difference spectrum (blue) and 2nd derivative
spectra show an upshift of the Amide I bands.
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kDa) and its propensity of self-association, we ascribe the low-
density region to a rim of peptides and the high-density region to
the phospholipid bilayers of the constituent vesicles. These
results lend direct support to the cooperative assembly of
4BAH2 and nanometer-sized spherical lipid vesicles into a
membranous gel, characterized by closely packed polygonal-
shaped vesicles with tight intervesicle spacing.

■ CONCLUSION

The cumulated weight of the results above suggests a unifying
picture for the 4BAH2-mediated gel formation in vesicular
suspensions, such as proposed below (Figure 6). As an
amphipathic peptide characterized by segregated distribution
of hydrophobic and polar residues between the opposite faces of
the α-helix, 4BAH2 is known to undergo self-oligomerization in
aqueous solution.34 Here, hydrophobic forces drive multiple
copies of the peptide, four by one estimate,54 to undergo self-
assembly producing an oligo-helical bundle. In the presence of
LUVs, however, this tendency for hydrophobically driven self-
oligomerization is necessarily altered because of interaction
between the polar face of the amphipathic 4BAH2 peptides and
the dipolar headgroups of the phospholipids comprising the
membrane.43 This peptide−vesicle association replaces the
monomeric amphipathic peptide with a novel peptido-vesicular
building block, which exposes the hydrophobic face of the

bound peptides to the aqueous solution. Viewed from the
vantage of the vesicles, the solvent-exposed hydrophobic faces of
the bound peptides render the LUVs “sticky.” The ensuing
peptide−peptide self-association must now occur in tandem
with the vesicular “cargo”. Because several copies of the “sticky”
peptides are expected to be displayed on single LUVs, which
renders the peptide−vesicular building blocks multivalent, the
ensuing peptide oligomerization links the vesicular “cargo” in a
three-dimensional network, which separate away from the bulk
aqueous solution forming extended gel-like condensates.
Curiously, this mode of inducing colloidal sol−gel transition is
reminiscent of the notion of “colloidal molecules,” where
synthetic colloidal particles, not unlike vesicles in the present
case, decorated with “sticky patches,” consisting of dimerizing
oligonucleotides, functionally comparable to peptides in our
case, were shown to produce programmable multivalent
interactions between particles through patch−patch interac-
tions.55

This mode of condensate formation, which we call program-
mable multivalency, is clearly unique, different from all other
mechanisms of droplet (and gel) formation in the cytoplasmic
space. Recent studies have identified multivalent self-association
and cross-association between extant polymeric biomolecules.
Our proposed model suggests that the living cell can create
multivalency de novo enabling otherwise discretely interacting

Figure 4.Gel formation and intrinsic tryptophan fluorescence measurement as a function of pH. (A) Photographs of gels formed at pH 4, 7.5, and 10.
(B) Intrinsic tryptophan fluorescence measurement of free 4BAH2 in solution, 4BAH2 in gel and when the gel is treated with 4 M urea and further
dissolved by SDS, as a function of pH. Error bars are standard deviations of 3−5 independent measurements.

Figure 5. Cryo-EM images of peptide−vesicle gel. Lef t. Micrograph of closely packed polygonal-shaped vesicles with tight intervesicle spacing. Right.
Red and blue dotted lines indicate line-scan regions of the line profiles.
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moieties to achieve multivalency and drive condensate
formation. The viruses, again, appear to have hijacked a generic
cellular mechanism, this time a physical-chemical mechanism of
phase separation, to their own benefit.
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