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ABSTRACT For many viruses, assembly and budding occur simultaneously during virion formation. Understanding the mech-
anisms underlying this process could promote biomedical efforts to block viral propagation and enable use of capsids in nano-
materials applications. To this end, we have performed molecular dynamics simulations on a coarse-grained model that
describes virus assembly on a fluctuating lipid membrane. Our simulations show that the membrane can promote association
of adsorbed subunits through dimensional reduction, but it also introduces thermodynamic and kinetic effects that can inhibit
complete assembly. We find several mechanisms by which membrane microdomains, such as lipid rafts, reduce these effects,
and thus, enhance assembly. We show how these predicted mechanisms can be experimentally tested. Furthermore, the sim-
ulations demonstrate that assembly and budding depend crucially on the system dynamics via multiple timescales related to
membrane deformation, protein diffusion, association, and adsorption onto the membrane.
INTRODUCTION
Processes in which proteins assemble on membranes to
drive topology changes are ubiquitous in biology. Despite
extensive experimental and theoretical investigations (e.g.,
Baumgart et al. (1) and Krauss and Haucke (2)), how assem-
bly-driven membrane deformation depends on protein
properties, membrane properties, and membrane composi-
tional inhomogeneity, remains incompletely understood.
An important example of this phenomenon occurs during
the formation of an enveloped virus, when the virion ac-
quires a membrane envelope by budding from its host
cell. Budding is typically driven at least in part by assembly
of capsid proteins or viral membrane proteins (3–8), and
many enveloped viruses, including HIV and influenza,
preferentially bud from membrane microdomains (e.g., lipid
rafts) (5,9,10). Understanding how viruses exploit mem-
brane domain structures to facilitate budding would reveal
fundamental aspects of the viral lifecycle, and could focus
efforts to identify targets for new antiviral drugs that inter-
fere with budding.

There is much interest in developing enveloped viral
nanoparticles as targeted transport vehicles equipped to
cross cell membranes through fusion (11–13). More gener-
ally, identifying the factors that make viral budding robust
will shed light on other biological processes in which
high-order complexes assemble to reshape membranes. To-
ward this goal, we perform dynamical simulations in which
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capsids simultaneously assemble and bud from model lipid
membranes. We identify mechanisms by which membrane
adsorption either promotes or impedes assembly, and we
find multiple mechanisms by which a membrane micro-
domain significantly enhances assembly and budding.

Enveloped viruses can be divided into two groups based
on how they acquire their lipid membrane envelope. For
the first group, which includes influenza and type C retrovi-
ruses (e.g., HIV), the (immature) nucleocapsid core assem-
bles on the membrane concomitant with budding. In the
second group, a core assembles in the cytoplasm before
envelopment (reviewed in Sunquist and Kräusslich (3), Hur-
ley et al. (4), and Welsch et al. (5)). In many families from
this group, e.g., alphavirus, envelopment is driven by assem-
bly of viral transmembrane glycoproteins around the core
(14). For all enveloped viruses, membrane deformation is
driven at least in part by a combination of weak protein-pro-
tein and protein-lipid interactions. Thus, properties of the
membrane should substantially affect budding and assembly
timescales. In support of this hypothesis, many viruses from
both groups preferentially bud from membrane microdo-
mains 10–100 nm in size that are concentrated with choles-
terol and/or sphingolipids (5,9,10). A critical question is
whether viruses utilize microdomains primarily to concen-
trate capsid proteins or other molecules, or if the geometric
and physical properties of domains facilitate budding.
Answering these questions through experiments alone has
been challenging (3–5).

Extensive previous theoretical investigations have studied
budding by preassembled cores or nanoparticles (e.g., Ruiz-
Herrero et al. (15), Chaudhuri et al. (16), Deserno and Gel-
bart (17), Deserno and Bickel (18), Deserno (19), Fo�snari�c
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et al. (20), Ginzburg and Balijepalli (21), Jiang et al. (22), Li
and Xing (23), Li and Gu (24), Smith et al. (25), Tzlil et al.
(26), Vácha et al. (27), Yang and Ma (28), and Dasgupta
et al. (29,30)); or have budding triggered by nonassembling
subunits (31); or have used continuum models to study
assembly and budding (32,33). Most closely related to our
work, Matthews and Likos (34–36) recently performed
simulations on a coarse-grained model of patchy colloidal
particles assembling on a membrane represented as a trian-
gulated surface. These elegant simulations provided a first
look at the process of simultaneous assembly and budding,
and showed that subunit adsorption onto a membrane facil-
itates assembly through dimensional reduction. Here, we
perform dynamical simulations on a model that more
closely captures the geometric features of capsid subunits
and lipid bilayers, and we explore how the presence of a mi-
crodomain within the membrane can influence assembly
and budding.

Our simulations show that, while the membrane can pro-
mote assembly of partial capsids, free energy penalties and
impeded diffusion of adsorbed subunits associated with
membrane deformations can inhibit completion of assem-
bly. We find that a microdomain within a certain size range
favors membrane geometries that diminish these impedi-
ments, and thus can play a key role in enabling complete as-
sembly and budding. Furthermore, our simulations suggest
that assembly morphologies depend crucially on multiple
timescales, including those of protein-protein association,
membrane deformation, and protein adsorption onto the
membrane. Finally, we discuss potential effects of simplifi-
cations in our coarse-grained model, and how a key predic-
tion from the simulations can be tested in an in vitro assay.
MATERIALS AND METHODS

Due to the large length- and timescales associated with assembly of a capsid,

simulating the process with an all-atom model is beyond the capabilities of

contemporary computers (37). Therefore, in this article we aim to elucidate

the principles underlying simultaneous assembly and budding by consid-

ering a simplified geometric model for capsid proteins, inspired by previous
Biophysical Journal 108(3) 585–595
simulations of empty capsid assembly (38–53) and assembly around nucleic

acids (51,54–57). Similarly,we consider a simplifiedmodel for lipids (31,58)

that recapitulates thematerial properties of biologicalmembranes. Complete

details of themodel are provided in SupportingMaterials andMethods in the

Supporting Material; we summarize the model here.
Membrane model

The membrane is represented by the model from Cooke and Deserno (58),

in which each amphiphile is represented by one head bead and two tail

beads connected by FENE bonds (Fig. 1 c). This is an implicit solvent

model; hydrophobic forces responsible for the formation of bilayers are

mimicked by attractive interactions between tail beads with interaction

strength ε0. This model enables computational feasibility while allowing

the formation of bilayers with physical properties such as fluidity, diffu-

sivity, and rigidity that are easily tuned across the range of values measured

in biological membranes (15,58). The bead diameter is set to s ¼ 0.9 nm to

obtain bilayers with widths of 5 nm and the lipid-lipid interaction strength is

set to kBT/ε0 ¼ 1.1 and uc ¼ 1.5s to obtain fluid membranes with bending

modulus k ¼ 8.25 kBT.

When studying the effect of a domain, we consider two types of lipids,

with M and D referring, respectively, to the lipids outside and inside of

the domain, and tail-tail interaction parameters εij (see Eq. S6 in the Sup-

porting Material) set to εDD ¼ εMM ¼ ε0, while εDM is a variable parameter

that controls the domain line tension, g. Varying εDM from 0 to ε0 tunes g

from its maximum value to 0 (see The Membrane Model in the Supporting

Material). Within the parameter range studied, the line tension can be

approximated by gs/kBTz 22.9–24.7εDM/ε0 (see Fig. S3 in the Supporting

Material).
Capsid subunit model

We modified and extended a model for assembly of nonenveloped capsids

(45,54,59,60) to describe assembly on a membrane. A complete listing of

the interaction potentials is provided in The Capsid Subunit Model in the

SupportingMaterial; we summarize them here. The capsid subunit is a rigid

body with a pentagonal base and radius of rpentamer ¼ 5s formed by 15

attractive and 10 repulsive interaction sites (Fig. 1 a and see Fig. S4). Sub-

unit assembly is mediated through a Morse potential between attractor

pseudoatoms located in the pentagon plane, with one located at each sub-

unit vertex and two along each edge. Attractions occur between like attrac-

tors only, meaning that there are vertex-vertex and edge-edge attractions,

but no vertex-edge attractor interactions. The 10 repulsive interaction sites

are arranged symmetrically above and below the pentagon plane, so as to

favor a subunit-subunit angle consistent with a dodecahedron (116�).
Further details are in The Capsid Subunit Model in the SupportingMaterial.
FIGURE 1 Capsomer and membrane models.

(A) Top and side view of the capsomer. (Red and

orange) Attractive sites; (blue and purple) top

and bottom repulsive sites; (pink) excluders; and

(green) capsomer-lipid interaction sites, with the

pseudo-atom types defined in Methods and in

The Capsid Subunit Model in the Supporting

Material. (B) A slice of the membrane and the

entire capsid are shown during budding. (Green)

Capsomer-lipid interaction sites; (red) domain

lipids. (C) Homogeneous membrane patch. (Blue

and cyan beads) Lipid heads and lipid tails, respec-

tively. (D) A two-phase membrane. (Red and blue

beads) Domain and bulk lipid headgroups, respec-

tively. To see this figure in color, go online.
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Membrane-capsomer interaction

The potential between capsomers and lipids accounts for attractive inter-

actions and excluded-volume. We add to the capsomer body six attractor

pseudoatoms that have attractive interactions with lipid tail beads. When

simulating a phase-separated membrane, the attractors interact only with

the domain lipid tails, except for simulations presented in Fig. S1. The

attractors are placed one above each vertex and one above the center of

the pentagon, each located a distance of 6s above the pentagon plane

(Fig. 1 a). These are motivated by, e.g., the myristate group on retrovirus

GAG proteins that promotes subunit adsorption by inserting into the lipid

bilayer (61). While in many cases the electrostatic interactions between

capsid proteins and membrane polar headgroups also drive membrane

adsorption, we did not explicitly include such an effect in order to reduce

the number of model parameters. The attractor-tail interaction is the same

form as the lipid tail-tail interaction except that there is no repulsive

component (see Eq. S14 in the Supporting Material)). It is parameterized

by the interaction strength, εad, which tunes the adhesion free energy

according to ead ¼ aεad with a ¼ 2.276s�2 (see Adhesion Energy in the

Supporting Material).

To account for capsomer-lipid excluded-volume interactions, a layer of

35 excluder beads, each with diameter 1.25s, is placed in the pentagon

plane (Fig. 1 a). Excluders experience repulsive interactions with all lipid

beads. Because the mean location of the attractive interaction sites on ad-

sorbed subunits is near the membrane midplane, the effective radius of

the assembled capsid (not including the lipid coat) can be estimated from

the distance between the attractors and the capsomer plane plus the capsid

inradius (the radius of a sphere inscribed in a dodecahedron), which gives

Rcapsid z 15.3s. As discussed below, this is smaller than any enveloped

virus, and thus our results are qualitative.

In this work we are motivated by viruses such as HIV, where expression

of the capsid protein (GAG) alone is sufficient for the formation of budded

particles (62). Therefore, we consider a model that does not include viral

transmembrane proteins (spike proteins). We also do not consider how

some viruses use cellular machinery to drive scission (63), because this pro-

cess is virus-specific and depends on detailed properties of cellular proteins.

For those viruses our model may elucidate the mechanisms leading up to the

point of scission.
Simulations

Simulations were performed on GPUs with a modified version HOOMD

0.10.1 (64,65). We modified the Andersen barostat (66) implementation

to simulate the membrane at constant temperature and constant frame ten-

sion (31) and to couple the barostat to rigid-body dynamics. The membrane

was coupled to the thermostat and barostat with characteristic times tT ¼
0.4t0 and tP ¼ 0.5t0, respectively, with t0 the characteristic diffusion

time for a lipid bead (defined below). The imposed frame tension was set

to zero. Simulations with an alternative method to control tension (36)

led to the same behavior.

Each capsomer was simulated as a rigid body using the Brownian dy-

namics algorithm, which uses the (non-overdamped) Langevin equation

to evolve positions and rigid body orientations in time (64,65). To approx-

imate the rotational dynamics of globular proteins, we modified the rigid-

body algorithm in HOOMD so that forces and torques arising from drag

and random buffeting were applied separately and isotropically. Finally,

the code was modified to update rigid-body positions according to changes

in the box size generated by the barostat at each time step.

Matthews and Likos (36) showed that hydrodynamic interactions (HI)

between lipid particles can increase the rate of membrane deformation.

However, since the mechanisms of assembly and budding appeared to be

similar in simulations that did not include HI, the timescales for protein

diffusion and association are only qualitative in a coarse-grained model,

and the computational cost required to include HI is large in our more

detailed model, we neglect HI in our simulations.
Units

We set the units of energy, length, and time in our simulations equal to the

characteristic energy, size, and diffusion time for a lipid bead of ε0, s, and

t0, respectively. The remaining parameters can be assigned physical values

by setting the system to room temperature, T ¼ 300 K, and noting that the

typical width of a lipid bilayer is ~5 nm, and the mass of a typical phospho-

lipid is ~660 g/mol. The units of our system can then be assigned as follows:

s ¼ 0:9 nm;

m0 ¼ 220 g=mol;
e ¼ 3:77 � 10�21J ¼ 227 g �A2=ps
2
mol; and
0

t ¼ s
ffiffiffiffiffiffiffiffiffiffiffiffi
m =e

p
¼ 8:86 ps:
0 0 0

For each set of parameters, the results from four or more independent sim-

ulations were averaged to estimate the mean behavior of the system.

Timescales

The diffusion coefficient of capsomers in solution is D z 4.2s2/t0, while

for capsomers adsorbed on the membrane, D ˛ [0.004, 0.02] for ead/akBT

ranging from 0.6 to 0.2. Thus timescales to diffuse by one capsomer diam-

eter (10s) are td z 25t0 for capsomers in solution and tD ˛[500, 2500]t0
on the membrane. We note that these timescales are qualitative, because the

reduction in degrees of freedom associated with coarse-grained models re-

duces the ruggedness of the underlying free energy landscape (67). For

example, comparison between the lipid model employed here with real

values of lipid diffusion indicates a speed-up factor of ~103 (58).

System

To simulate an infinite membrane, periodic boundary conditions were em-

ployed for the lateral dimensions and a wall was placed at the bottom of the

box. Thus, the capsomers remained below the membrane unless they

budded through it. To maintain a constant and equal ideal gas pressure

above and below the membrane (despite the imbalance of capsomer con-

centrations), phantom particles were added to the system. These particles

experienced excluded-volume interactions with the lipid head beads, and

no other interactions.

For most simulations of inhomogeneous membranes the membrane con-

tained n¼ 16,200 lipids, including those belonging to the domain. An initial

bilayer configuration was equilibrated and then placed with its normal along

the z axis in a cubic box of side-lengthLx¼Ly¼ 90s andLz¼ 100s. For large

domains (rdomain > 40) the membrane contained n ¼ 28,800 lipids and the

initial box size was 130 � 130 � 100s3. For most simulations of homoge-

neous membranes, the bilayer contained n ¼ 7,164 lipids and the initial

box size was 63.5 � 63.5 � 100s3; additional simulations on larger mem-

branes were performed to rule out finite size effects.

The capsomers were introduced in the box in two different ways, to un-

derstand how the rate of subunit translation and/or targeting to the mem-

brane affects assembly. The first set of simulations considered budding

via quasi-equilibrium states, meaning that capsid proteins adsorb onto the

membrane slowly in comparison to assembly and membrane deformation

timescales. This scenario corresponds to the limit of low subunit concentra-

tion and a rate of subunit protein translation or targeting of subunits to the

membrane, which is slow in comparison to assembly. Specifically, each

capsomer was injected at ~50s below the membrane midplane once all

previously injected subunits were part of the same cluster. For other

simulations, capsomers were injected one by one with an interval tinject
until reaching a predefined maximum number of subunits. In the limit

of tinject ¼ 0, all capsomers were placed randomly at distances between
Biophysical Journal 108(3) 585–595
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30 and 50s below the membrane at the beginning of the simulation. For

all simulations, the initial configuration had three free capsomers placed

at 30s below the membrane. Images were generated using the program

VMD (68).
RESULTS

To simulate capsid protein and membrane dynamics on
time- and length-scales relevant to assembly and budding,
we use the models illustrated in Fig. 1, a and b, and
Fig. S4. The physical mechanisms that control the formation
and size of domains (with a typical size of 10–100 nm) in
cell membranes are poorly understood (69–71). To focus
on the effect of a domain on assembly rather than its forma-
tion, we simulate a minimal heterogeneous membrane
comprised of two lipid species, with interaction strengths
that lead to phase separation within the membrane, with
the minor species forming a circular domain (Fig. 1 d).
The bulk membrane and domain have the same bending co-
efficient and area per lipid (to focus on mechanisms other
than curvature- or bending stiffness-sorting (1)), but protein
subunits preferentially partition into the domain (see
Fig. S1; note that a complete listing of the interaction poten-
tials is provided in Materials and Methods and see also The
Capsid Subunit Model in the Supporting Material).

We performed simulations for a range of subunit-mem-
brane interaction strengths ead, microdomain sizes rdomain,
microdomain line tensions g, and timescales for subunit
association to the membrane tinject. All simulations were
performed with subunit-subunit interaction strengths of
evatt ¼ 10:55 kBT and eeatt ¼ 5:27 kBT between vertex and
edge attractors respectively (see Supporting Materials and
Methods in the Supporting Material). While assembly can
proceed readily in bulk (into the same capsid geometry) un-
der these conditions, in all simulations that we performed
(for all values of tinject) subunits adsorbed onto the mem-
brane before assembling into any oligomer larger than a
trimer. This behavior is consistent with enveloped viruses
for which assembly in the cytosol is limited to small oligo-
mers (e.g., HIV (72)). The results presented here correspond
to long but finite simulation times, at which point assembly
outcomes appeared roughly independent of increasing simu-
Biophysical Journal 108(3) 585–595
lation time. Although these results need not necessarily
correspond to equilibrium configurations, note that capsid
assembly must proceed within finite timescales in in vivo
or in vitro settings as well (73).
The homogeneous membrane inhibits complete
assembly

Given that capsid proteins may be targeted to the membrane
rather than arriving by diffusion (74), we have considered
several modes of introducing subunits into our simulated
system, as described in Materials and Methods. We began
by simulating assembly on a homogeneous membrane (a
single species of lipid) (Fig. 1 c) via quasi-equilibrium
states, meaning that free subunits were injected into the sys-
tem far from the membrane one by one, each after all previ-
ously injected subunits were assembled (see Materials and
Methods). This scenario corresponds to the limit of low sub-
unit concentration and a rate of subunit protein translation or
targeting of subunits to the membrane that is slow in com-
parison to assembly.

We found that assembly of membrane-absorbed subunits
required large subunit-subunit interactions (as compared to
those required for assembly in bulk solution), but that
such subunits could undergo rapid nucleation on the mem-
brane. However, we found no parameter sets for which
our model undergoes complete assembly and budding on a
homogeneous membrane. In most simulations, assembly
slows dramatically after formation of a half-capsid (six sub-
units). The nature of subsequent assembly depends on the
adhesion strength. For low adhesion strengths (ead <
0.2a), assembly beyond a half-capsid occurs when particles
detach from the membrane, sometimes leading to nearly
completely assembled but partially wrapped capsids
(Fig. 2, a and b). At intermediate adhesion strengths
(0.2 % ead/a % 0.4), particles do not readily dissociate
from the membrane and assembly typically stalls at a half-
capsid. Higher adhesion strengths (ead > 0.4a) yield
deformed, open structures that cannot drive complete
budding (Fig. 2 d).

These results reveal that adsorption to a membrane has
mixed effects on assembly. Through dimensional reduction,
FIGURE 2 Typical end-products for assembly

on a homogeneous membrane as a function of sub-

unit-membrane adhesion strength ead. (A and B)

Assembled but partially wrapped capsids for (A)

ead ¼ 0.1a and (B) ead ¼ 0.15a. (C) Assembly

stalls at a half capsid for ead ¼ 0.2a. (D) A

deformed, open structure forms for ead ¼ 0.4a.

To see this figure in color, go online.
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membrane adsorption reduces the search space and can
reduce nucleation barriers by generating a high local subunit
concentration (34,36). Similar effects occur during assem-
bly on a polymer (54–56,73,75,76). However, assembly
on the membrane also introduces new impediments to
assembly.

Formation of a completely enveloped capsid incurs a
membrane bending free energy cost of 8pk, independent
of capsid size (77). This free energy penalty must be
compensated by subunit-subunit and subunit-membrane in-
teractions. In our model the subunit-membrane interactions
do not promote membrane curvature, and thus large sub-
unit-subunit interactions are required for assembly on the
membrane. For these parameters, nucleation also occurs
in bulk solution if there is no membrane present (nucle-
ation did not occur in bulk solution with a membrane pre-
sent for any value of tinject because subunits adsorbed onto
the membrane before undergoing nucleation). We also
considered a model in which the surface of the subunit is
curved (see Fig. S10), so that subunit-membrane adsorption
does promote local curvature. Interestingly, this model did
not lead to improved assembly as compared to the flat
subunits.

This result and the frustrated assembly dynamics of half-
capsid intermediates illustrate the fact that the geometry
and energetics of membranes affect the assembly of mem-
brane-associated proteins in multiple ways, altering both
the probability of binding for subunits in the vicinity of
an assemblage and the apparent diffusion-limited flux of
subunits to the assemblage. Once intermediates reach one-
half the capsid size, additional subunits approach with ori-
entations that are not conducive to association. Addition
of such a subunit requires a large membrane deformation,
which is energetically unfavorable for physically relevant
values of the membrane bending rigidity and thus rare
(see Fig. S6 b). Assembly therefore stalls or, in the case of
weak adhesion energy, proceeds by detachment of subunits
from the membrane leading to assembled but partially wrap-
ped capsids. The stalled assembly states resemble the
partially assembled states predicted theoretically (32,33),
while the partially wrapped capsids are consistent with the
metastable partially wrapped states found for a preassem-
bled particle in our previous simulations (15). A second
impediment to assembly arises because subunit-membrane
attractions are reduced in regions where the membrane cur-
vature is large on the length scale of the rigid subunit (see
Fig. S7). This effect hinders subunit diffusion across the
neck (see Movies S1 and S2), therefore decreasing the
flux of subunits to the assembling capsid.

As discussed below, the large magnitude of the mem-
brane-induced barrier to assembly arises in part due to the
small capsid size and relatively large subunits of our model.
However, the barrier is intrinsic to assembly of a spherical or
convex polygonal structure on a deformable two-dimen-
sional manifold, and thus will exist for any such model.
Assembly and budding from a membrane
microdomain

We next simulated assembly in the presence of a phase-
separated membrane (Fig. 1 d) to understand the effects of
a membrane domain on assembly and budding. While the
mechanisms by which rafts form are incompletely under-
stood, we focus on the effect that the presence of a domain
can exert on assembly and budding. We emphasize that we
consider lipid-lipid interaction parameters and domain sizes
for which the domain is flat and stable in the absence of
capsid subunits (see Fig. S3 b); i.e., the domain line tension
is insufficient to drive budding. We first consider budding in
the quasi-equilibrium limit.

Effect of line tension and adhesion energy

Fig. 3 (left) shows the predominant final system configura-
tions as a function of ead and line tension for fixed domain
size rdomain ¼ 35s, which corresponds to 1.3 times the
area required to wrap the capsid. Moderate adhesion
strengths and small line tensions lead to complete assembly
and budding (Fig. 4), meaning that: 12 subunits form a
complete capsid, the capsid is completely wrapped by the
membrane, and the membrane undergoes scission through
spontaneous fusion of the neck to release the membrane-
enveloped capsid. Because it requires a relatively large ther-
mal fluctuation, scission is characterized by long timescales.
After scission, the portion of the domain not enveloping the
capsid remains within the membrane.

Analysis of simulation trajectories identified three mecha-
nisms by which the domain facilitates assembly. First, parti-
tioning of adsorbed proteins into the domain generates a high
local subunit concentration, and thus, promotes nucleation.
However, in simulations in which the degree of subunit par-
titioning into the domain was varied (see Fig. S1), the
outcome was insensitive to this parameter. This insensitivity
arises because our system requires strong subunit-subunit in-
teractions to drive membrane bending and thus nucleation
occurs readily. Second, as noted in the case of spherical par-
ticle budding through a raft (25), the domain line tension pro-
motes membrane curvature (buckling), because buckling
reduces the length of the domain interface (78). While a pos-
itive membrane tension inhibits budding (19), the effective
compressive force arising due to line tension promotes
budding. Modeling the partial capsid as a hemispherical
cap (79), and neglecting curvature outside the vicinity of
the capsid (see Theoretical Analysis on the Effect of the
Domain on Neck Geometry in the Supporting Material, and
Foret (33)), the length of the interface as a function of number
of subunits n in a partial capsid is given by

lintðn; rdomainÞ ¼ 2p
h
r2domain �

�
2Rcapsidn

�
N
�2i1=2

; (1)

with N ¼ 12 the number of subunits in a capsid and

Rcapsid z 15.3s as the capsid radius. The change in
Biophysical Journal 108(3) 585–595



FIGURE 3 Predominant end-products from assembly simulations via quasi-equilibrium states with a membrane microdomain, as a function of adhesion

strength ead and (left) line tension (gs/kBT z 22.9–24.7εDM/ε0) with fixed domain radius rdomain ¼ 35s and (right) varying rdomain with fixed line tension

εDM/ε0 ¼ 0.85 (gz 1.9 kBT/s) and a ¼ 2.276s�2. The most frequent outcomes are indicated as complete assembly and budding (green solid stars); budding

of the entire domain before assembly completes, with the number indicating the typical partial capsid size upon budding (yellow solid squares); complete as-

sembly but incompletewrapping (orange solid triangles); stalled assemblywithwrapping (red solid circles); complete assembly andwrappingwithout fusion of

the neck (blue squares); and malformed assembly (purple circles). Snapshots from simulations for the corresponding parameter sets are also shown. The com-

plete distribution of outcome frequencies and assembly times are shown for some parameter sets in Fig. S11 and Fig. S12. To see this figure in color, go online.
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interfacial energy between a flat domain and a completely
wrapped capsid is then given by

DEint

�
kBT ¼ 2pgrdomain

�
1�

�
1� 4R2

capsid

.
r2domain

�1=2
	
:

(2)

For rdomain ¼ 35s and g ¼ 1.9 kBT/s, we have DEint z
�215 kBT, which is comparable to the total bending energy
associated with a wrapped capsid, Ebend ¼ 8pk ¼ 207 kBT.
Biophysical Journal 108(3) 585–595
The significance of this effect and consequently the ability
of a domain to promote budding diminishes as the domain
size becomes large in comparison to the capsid (see Fig. S2).

The simulations also identified a third effect of the domain
that promotes complete assembly—the presence of the
domain interface changes the geometry of the membrane in
the vicinity of the capsid intermediate, promoting a long
shallow neck. While curvature energy favors capsid assem-
bly in the domain interior, the line tension is minimized by
a neck that extends to the domain interface. The relatively
FIGURE 4 Capsid assembly and budding from a

domain. Two-dimensional slices of configurations

at different times extracted from MD simulations

for ead ¼ 0.4a, rdomain ¼ 35s, and εDM/ε0 ¼
0.875 (g z 1.3 kBT/s). The membrane wraps the

growing capsid (A–D) until the complete, envel-

oped capsid is connected to the rest of the mem-

brane by a narrow neck (E). Finally, thermal

fluctuations lead to fusion of the neck and the

encapsulated capsid escapes from the membrane

(F). To see this figure in color, go online.



FIGURE 5 Total subunit-subunit attractive interaction energy (top) and

amplitude of membrane deformation, measured by the capsid penetration,

p (bottom), as a function of time for a trajectory leading to each type of

outcome described in the main text. The capsid penetration p is measured

as the distance between the top of the capsid and the center of mass of

the membrane. The color code represents the outcome type and follows

the same format as in Fig. 3: successful assembly (green), budding of a par-

tial capsid (yellow), complete assembly but incomplete wrapping (orange),

stalled assembly with wrapping (red) and malformed assembly (violet). To

see this figure in color, go online.
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shallow curvature of such a neck reduces the impediments to
assembly on a membrane discussed in the previous section.
Subunits diffuse readily across a long neck, and subsequent
attachment to the assembling capsid incurs relatively small
membrane deformation energies. The influence of the neck
in subunit diffusion and association is illustrated by anima-
tions from assembly trajectories in Movie S1 and Movie
S2. Formation of a long neck is governed by a competition
between the loss of subunit-membrane adhesion energy asso-
ciated with partial detachment from the capsid and the reduc-
tion in interfacial energy caused by the extended neck. The
free energy difference between tightly wrapped capsids and
extended necks is approximately calculated in Fig. S9, which
indicates that moderate adhesion energies and small domains
favor extended necks.

Outside of optimal parameter values, we observe five
classes of alternative end-products, as follows:

1. For large values of g or small domains, formation of
a partial capsid triggers budding of the entire domain
before assembly completes. Budding of the whole domain
is driven by the interfacial energy, Eint(n,rdomain) ¼
glint(n,rdomain). In the absence of assembly (n ¼ 0), this
driving force is insufficient to overcome the deformation
free energy barrier to domain budding for the parameters
we simulate. However, assembly of a partial capsid inter-
mediate stabilizes curvature and thus reduces the bending
energy required for budding of thewhole domain.A simple
estimate of this effect is obtained by assuming that the par-
tial capsid compensates for the bending energy of a budded
domain by an amount proportional to its wrapped area:

Ebendðn; rdomainÞ ¼ 8pk
h
1� 4

�
Rcapsid

�
rdomain

�2ðn=NÞi: (3)

Following Lipowsky (78), budding of the whole domain is
favorable when Eint(n,rdomain) > Ebend(n,rdomain). However,
larger intermediates are required for budding to be sponta-
neous, thus enabling assembly to complete. Furthermore,
for rdomain> 2Rcapsid and intermediates beyond a half-capsid
(n > N/2), wrapping of the intermediate produces curvature
incommensurate with whole-domain budding. Higher values
of ead promote tight wrapping with strong curvature of the
capsid, and thus disfavor whole-domain budding (Fig. 4 B).

2. For small g and ead, the capsid assembles but wrapping is
incomplete. Here the subunit-membrane adhesion energy
is insufficient to compensate for the membrane bending
energy cost associated with wrapping.

3. For larger-than-optimal adhesion strengths, the mem-
brane wraps the assembling capsid tightly with a short
neck. As discussed in the previous section, the high cur-
vature associated with a short neck inhibits association of
the final subunit leading to stalled, incomplete assembly.

4. For large ead, subunit-membrane adhesion energy
dominates over subunit-subunit interactions leading to
misassembled structures.
5. At other domain sizes (Fig. 4, right) we observe config-
urations in which the capsid is completely wrapped, but
the neck does not undergo scission. To illustrate the time-
scales, interactions, and coupling between assembly
and membrane configurations, the total subunit-subunit
attractive interaction energy and the magnitude of mem-
brane deformation are plotted as a function of time for a
trajectory leading to each type of outcome in Fig. 5.

Effect of domain size

The dependence of assembly and budding on the domain
radius rdomain for constant line tensiong¼ 1.9 kBT/s is shown
in Fig. 3 (right). There is an optimal domain size ~1–2 times
the area of a wrapped capsid (35s ( rdomain ( 40s)
that leads to robust assembly and budding over a broad
range of adhesion energies ead. For smaller domains, low
values of adhesion lead to budding of the entire domain
before assembly completes. In the absence of protein assem-
bly, line tension triggers budding above a threshold domain
size; smaller domains are stable because bending energy
dominates over interfacial energy (78). However, we find
here that partial capsid intermediates stabilize membrane
deformation over an area proportional to their size, and
thus drive budding within domains below a threshold
Biophysical Journal 108(3) 585–595
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size (Eq. 3). On the other hand, for larger-than-optimal
domains the assembling capsid only deforms a fraction of
the domain; thus, the domain interface does not promote a
long neck (see Fig. S9), and it provides a smaller driving force
due to interfacial energy (Eq. 3). The behavior of such do-
mains is therefore comparable to that in a homogeneous
membrane.

Effect of subunit adsorption timescale

In the quasi-equilibrium simulations discussed so far, the
assembly outcomes were determined by the relative time-
scales of membrane deformation and partial capsid anneal-
ing. To determine the effect of the subunit adsorption
timescale, we characterized the system behavior for subunit
injection timescales teject (see Materials and Methods) be-
tween the quasi-equilibrium limit and 0, where all subunits
were introduced at the inception of the simulation (Fig. 6).
We set rdomain ¼ 35s.

The predominant end-products are shown as a function of
the adhesion strength and the subunit injection timescale in
Fig. 6. We see that the qualitative behavior is independent of
the injection timescale; for all injection rates there is range
of intermediate adhesion strengths at ~ead ¼ 0.4a, for which
complete assembly and budding is observed. However, as
the injection timescale decreases, both the lower and upper
bounds of this optimal range shift to weaker adhesion en-
ergies. Weak adhesion energies avoid malformed assem-
blages and also increase the timescale for budding of the
entire domain (because domain curvature is less stabilized),
thus increasing the probability of complete well-formed
capsids. However, overly weak adhesion energies lead to
longer necks (see Fig. S9) that reduce the timescale for
budding of the entire domain, so that, even at high injection
rates, budding precedes capsid completion. Stronger-than-
FIGURE 6 Predominant end-products as a function of the subunit injec-

tion timescale tinject and the adhesion strength ead are shown for a domain

with rdomain ¼ 25s and g¼ 1.9 kBT/s. The most frequent outcome is shown

for every set of parameters. (Symbols are defined as in Fig. 3 except for black

solid square symbols, which denote budding of thewhole domainwith amal-

formed capsid inside.) Alternative outcomes observed at some parameter

sets are documented in Fig. S15. To see this figure in color, go online.
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optimal adhesion energies tend to result in malformed as-
semblages (see Fig. S13 b) at the lower injection timescales.

This result can be understood from previous studies
of assembly into empty capsids or around polymers
(39,41,51,55,73,80,81)—higher adhesion energies lead to
an exponential increase in the timescale for annealing of
partial capsid configurations; kinetic traps occur when an-
nealing timescales exceed the subunit binding timescale.
The ultimate fate of these large aggregates depends on the
adhesion energy ead. For smaller-than-optimal adhesion
energies, assemblages are loosely wrapped and the entire
domain undergoes budding once the assemblage reaches a
threshold size (e.g., Fig. S13 b). For larger ead, malformed
aggregates are tightly wrapped by the membrane and remain
attached by a neck (e.g., Fig. S13 a). The shortest injection
timescales and largest adhesion energies we investigated
lead to large flat aggregates that do not bend the membrane
(see Fig. S13 c), or partial capsids emerging from a flat
aggregate (see Fig. S13 d). Finally, we note that as the
subunit injection timescale is decreased, the diversity of
outcomes at a given parameter set increases and thus
the yield of budded, well-formed capsids decreases (see
Fig. S15).

Effect of subunit copy number

We found that the dynamics is qualitatively similar when
excess subunits are included in the simulation. For example,
we performed simulations on systems with 19 capsomers,
~60% more than needed for capsid formation. For an injec-
tion timescale of teject¼ 500t0, the behavior is similar to the
small teject results discussed above, except that subunits on
the periphery of an assembling capsid typically form flat ag-
gregates that can hinder budding (see Fig. S14). For adhe-
sion strengths between 0.3 and 0.4 ε0, budding is observed
(see Fig. S14), whereas larger values of ead lead to the forms
of kinetic traps discussed above.
DISCUSSION

Our simulations demonstrate that, while a fluctuating mem-
brane can promote assembly through dimensional reduc-
tion, it also can inhibit complete assembly by limiting the
orientational fluctuations and diffusion of adsorbed sub-
units. These effects, which are not present for assembly in
bulk solution (73), can engender metastable partially assem-
bled or partially budded structures. While the degree of in-
hibition may depend on the specific membrane and protein
properties (see below), it is generic to the assembly of a
curved structure on a deformable surface. We find that as-
sembly from a membrane microdomain can substantially
diminish these effects, which could partly account for the
prevalence of enveloped viruses that preferentially bud
from lipid rafts or other membrane microdomains.

As an initial exploration of the relationship between
membrane domain structure and budding, we considered a
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minimal model for a microdomain, which accounts only
for preferential partitioning or targeting of capsid pro-
teins within the domain. Our simulations identified three
effects by which such a domain can promote assembly
and budding.

1. Generating a high local concentration of adsorbed
subunits,

2. Generating a buckling pressure that promotes
budding, and

3. Enhancing the diffusive flux of subunits to the assem-
bling capsid by lengthening the neck around the budding
capsid.

Importantly, the predicted effects are sensitive to the domain
size (Fig. 3), with an optimal domain size of ~1–2 times the
area of a wrapped capsid. Smaller domains lead to budding
before completion of assembly, whereas facilitation of
budding becomes ineffective when the domain radius be-
comes large in comparison to the capsid size. These predic-
tions could be tested by in vitro experiments in which capsid
proteins assemble and bud from multicomponent artificial
phospholipid vesicles as studied for other membrane-associ-
ated proteins (e.g., Becalska et al. (82), Thiam et al. (83),
and Manneville et al. (84)) with phase-separated or hetero-
geneous vesicles (e.g., Manneville et al. (84)).

Finally, we consider the limitations of the model studied
here. The effective diameter of our enveloped T ¼ 1 capsid
is ~28 nm, while the smallest enveloped viruses found in
nature have diameters of 40–50 nm (e.g., Jones et al.
(85)). Although the relationship between particle size and
budding has been explored in detail for preassembled
nucleocapsids or nanoparticles (e.g., Ruiz-Herrero et al.
(15), Ginzburg and Balijepalli (21), and Yue and Zhang
(86)), to our knowledge, our simulations here have identi-
fied new factors that control simultaneous assembly and
budding. During assembly of a larger capsid, each subunit
would individually comprise a smaller fraction of the total
capsid area and thus would incur a smaller increment of
membrane deformation energy when associating with the
capsid. Similarly, intrasubunit degrees of freedom could
allow subunit distortions that would facilitate diffusion
across the neck. However, note that such distortions would
themselves involve free energy penalties and thus would
still hinder diffusion.

In principle, other forms of excluded-volume interaction
with the membrane could improve subunit diffusion, but
changing the softness of the repulsive excluded volume
interaction between our subunits in the membrane did not
change the results. We also note that the potential used for
the subunit-membrane interaction in this work does not
represent local distortions of the lipid hydrophobic tails
resulting from insertion of a hydrophobic group. Such inser-
tions could lead to local membrane curvatures and mem-
brane-mediated subunit interactions that could either
facilitate or hinder assembly and budding; the study of these
phenomena is an open and active field (e.g., Weikl et al.
(87), Semrau et al. (88), Reynwar and Deserno (89), Goulian
et al. (90), and Deserno (67)). Given the qualitative nature of
subunit-subunit interactions in our model, we do not expect
these effects to qualitatively change the results.

To minimize the number of model parameters, we have
set the material constants (e.g., bending modulus and
fluidity) equal for the domain and background lipid species.
Although this study demonstrates three contributions by
which such a domain can promote membrane deformation,
it will be interesting to explore additional effects that may
arise due to varying material properties within microdo-
mains (1). For example, it is believed that biological rafts
have higher bending moduli than nonraft membrane envi-
ronments. Similarly, for some viruses important roles are
played by recruitment of additional viral proteins (6), other
cellular factors that create or support membrane curvature
(4,91,92), and cytoskeletal machinery that actively drives
budding (e.g., Welsch et al. (5), Balasubramaniam and Freed
(74), Taylor et al. (93), and Gladnikoff et al. (94)).

While these results can be systematically incorporated
into the model, our simulations provide a starting point
to understand how microdomains facilitate budding and,
through comparison with experiments, to identify the crit-
ical steps in budding.
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S1. ADDITIONAL RESULTS FIGURES

Figure S1. Results from simulations where the partitioning of subunits between the bulk membrane and domain is varied. The
fraction of trajectories that led to complete assembly and budding is shown as a function of the ratio between subunit-lipid
interaction strengths for bulk-membrane and domain lipids, eMad/ead. Specifically, the subunit-membrane attraction strength
for domain lipids is ead = 0.5α, while the subunit-membrane attraction strength for bulk membrane lipids is varied from
0 ≤ eMad ≤ 0.5α. The fraction of trajectories leading to complete assembly was estimated from five independent simulations for
each value of eMad. The mean completion time τ̄ was also not sensitive to the degree of partitioning for eMad/ead < 1 (τ̄ = 6·106τ0);
however, the mean completion time for eMad = ead = 1 was an order of magnitude longer (τ̄ = 4 ·107τ0). Other parameter values
were fixed at: eDad = 0.5α, rdomain = 35σ and εD/ε0 = 0.85 (γ ≈ 1.9kBT/σ). Trajectories were run until budding or until a
mis-assembled structure such as those shown in Fig. S13 was identified.

S2. METHODS

Our model is defined by pairwise potentials, and the total interaction energy UTOT can be separated into three
parts:

UTOT =
∑

M-M pairs

UMM +
∑

C-C pairs

UCC +
∑

M-C pairs

UMC, (S1)

with UMM, UCC, and UMC defining interactions between pairs of membrane beads, capsomer beads, and membrane-
capsomer pairs respectively. These potentials are defined in sections S2 A-S2 C, and the parameter values are listed
in section S2 D.

A. The membrane model

We model the amphiphilic lipids comprising the membrane with a coarse grained implicit solvent model from
Cooke et al [1], in which each amphiphile is represented by one head bead and two tail beads. The interaction
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Figure S2. Change in interfacial energy between a flat domain and a completely wrapped capsid (Eq. 2 main text) as a function
of the domain radius.

between membrane particles consists of four parts:

UMM(r) = UWCA + Ubond + Ubend + Uhydro. (S2)

Every pair of membrane beads interacts via a repulsive Weeks-Chandler-Andersen potential [2]:

UWCA(r, bij) =4ε0

[(
bij
r

)12

−
(
bij
r

)6

+
1

4

]
; r ≤ rc

0 ; r > rc (S3)

i, j ∈ {head,tail}

with rc = 21/6bij and bij chosen to ensure an effective cylindrical lipid shape: bhead-head = bhead-tail = 0.95σ0 and
btail-tail = σ0, where σ0 will turn out to be the typical distance between beads within a model lipid molecule.

The beads belonging to a given lipid are connected through FENE bonds (Eq. (S4)) [3] with maximum length
rcut = 1.5σ, and the linearity of the molecule is achieved via a harmonic spring with rest length 4σ between the first
and the third bead, Eq. (S5)

Ubond(r) = −1

2
κbondr

2
cut ln

[
1− (r/rcut)

2
]

(S4)

Ubend(r) =
1

2
κbend (r − 4σ0)

2
(S5)

Since this is an implicit solvent model, hydrophobicity is represented by an attractive interaction, Eq. (S6), between
all tail beads. The molecules belonging to the domain are labeled D, while those forming the rest of the membrane
are referred to as M. The interaction between molecules of the same type is the same for D or M, but the strength of
the effective hydrophobic interaction between molecules of different type is lower:

U ijhydro(r) =


−εij ; r < rc

−εij cos2 π(r−rc)
2ωc

; rc ≤ r ≤ rc + ωc

0 ; r > rc + ωc

(S6)

where the interaction between the molecules of the same type is given by εDD = εMM = ε0, and the cross term, εDM,
is a parameter that controls the strength of the line tension between domains. Varying εDM from 0 to ε0 tunes the
line tension, from a large value to 0. The energy of the domain border is proportional to the line tension and the
domain perimeter, Eq. (S7)

Eint = 2πrdomainγ (S7)
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Figure S3. (a) Approximate line tension calculated from the observed phase boundary for budding of the domain. The solid
line is a linear fit to the data (Eq. (S9)). (b) Phase diagram of the domain behavior as a function of the domain radius and
line tension (γσ/kBT ≈ 22.9 − 24.7εDM/ε0) obtained from molecular dynamics simulations of a membrane with a domain at
kBT = 1.1ε0. The possible outcomes are indicated as: domain dissolution (N), domain in equilibrium with the membrane (�),
and spontaneous budding of the whole domain ( ).

where rdomain is the domain radius and γ the line tension. We calculated the interfacial energy following Ref. [5].
We set up a bilayer in the xy plane with an interface parallel to the y-axis (there are thus two interfaces due to the
periodic boundaries); i.e., in the initial configuration membrane contained solely M molecules for y < 0 and solely D
molecules for y > 0. In this geometry the line tension can be calculated as the difference between the normal and
tangent components of the pressure tensor to the interface, multiplied by the area where this pressure acts (LxLz)
and divided by the number of interfaces [5]:

γ = (pyy − pxx)
LxLz

2
(S8)

We calculated the line tension for different values of εDM , and obtained a linear relation between the line tension and
the attractive interaction strength between lipid molecules of different types (Fig. S3a)

γ = γ0 + γ1(εDM/ε0) (S9)

with γ0 = 22.9kBT/σ and γ1 = −24.7kBT/σ.
To characterize the dynamics of the domain as a function of the line tension, we also ran simulations of bilayers

initialized with circular domains and different values of rdomain and γ. For a given value of rdomain, as γ is increased the
equilibrium state transitions from a homogeneous membrane to a phase-separated but stable membrane to budding of
the entire domain (Fig. S3b). These results are qualitatively consistent with the theoretical relationship between line
tension and the domain size which is unstable to budding derived in Ref. [4]. However, the simulated line tensions
required for budding are larger than the theoretical value for spontaneous budding, suggesting that simplifications in
the theory lead to underestimation of the free energy barrier to budding.

B. The capsid subunit model

Our model for capsid assembly is based on the model for T=1 capsids developed by Wales [6], but has been extended
to allow interactions with the membrane. Our capsid subunit is a rigid body with a pentagonal base and radius of
rpentamer = 5σ formed by 15 attractive and 10 repulsive interaction sites. The interaction between capsomers consists
of an attractive potential that promotes assembly and a repulsive interaction between specific beads that drives
formation of the capsid geometry, Eq.(S10)

UCC = Uatt + Urep (S10)

While the original model [6] contained 5 attractive and 5 repulsive sites, the new sites that we have added (Figs. S4a
and S4b) are necessary to describe assembly on a fluctuating surface. The effects of their inclusion are shown in the
following sections.
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1. Attractor sites

Subunit assembly is mediated through a Morse potential between ‘attractor’ pseudoatoms located in the pentagon
plane, with one located at each subunit vertex and 2 along each edge. Attractions occur between like attractors only,
meaning that there are vertex-vertex and edge-edge attractions, but no vertex-edge attractor interactions, Eq. (S11)

Uatt = εvatt

∑
m

∑
n

(
eρ(1−Rmn/Re) − 2

)
eρ(1−Rjk/Re)

+ εeatt

∑
p

∑
q

(
eρ(1−Rpq/Re) − 2

)
eρ(1−Rlm/Re) (S11)

where Rmn is the distance between sites m and n,with m running over the attractor sites on the vertices of the first
capsomer , and n running over the vertices on the second. Rpq is the analogous distance between the edge sites on
each of the capsomers. Re is the equilibrium pair distance and ρ defines the range of the interaction. Finally, εvatt and
εeatt are the interaction strengths between vertex and edge sites respectively; we set εeatt = 0.5εvatt because there are
two edge beads per vertex bead.

In comparison to the original model [6] the additional attractive sites provide a stronger driving force for formation
of structures with the lowest energy face-face angles and thus provide additional thermodynamic stabilization of the
lowest energy dodecahedron capsid structure. This increased stabilization of the curved, icosahedral shape is necessary
to compete with membrane bending energy which favors flat aggregates. Although we did observe assembly on the
membrane with the original model for carefully tuned parameters, the improved model undergoes assembly over a
wider range of parameter values.

2. Repulsive sites

The 10 repulsive interaction sites are separated into 5 ‘top’ and 5 ‘bottom’ sites, which are arranged symmetrically
above and below the pentagon plane respectively, so as to favor a subunit-subunit angle consistent with a dodecahedron
(116 degrees). They are at distance h from the capsomer plane, and their projections on that plane lie on each of
the pentamer radii, at a distance l to the corner. The ratio h/l is the same as in the original model (Fig. S4b and
Fig. S4c). The interaction potential between top and bottom sites on two capsomers is similar to that in the original
model but extended to all the sites:

Urep = εrep

5∑
i=1

5∑
j=1

(
σt

Rij

)12

+ εrep

5∑
m=1

10∑
n=1

(
σb

Rmn

)12

(S12)

where Rij is the distance between the top sites, with i and j running over the 5 top sites of each of the capsomers,
and Rmn is the distance between m and n, with m running over the bottom sites of the first capsomer and n running
over the top and bottom sites of the second one. σt is, as in the original model, the distance between two adjacent
top sites in a complete capsid at its lowest energy configuration, and is obtained from the geometry depicted in Fig.
S4c:

σt = 2d

√
1

10

(
5 +
√

5
)

+ 2h

√
1

10

(
5−
√

5
)

+Re (S13)

where d = l sin(3π/10). Similarly, σb was initially set to the distance between the top and bottom sites of two adjacent
capsomers in a complete capsid, but then was adjusted to σb = 0.75σt to optimize assembly behavior.

We changed the form of the repulsive sites in the original model (one top and one bottom site) to 5 sites for
the following reasons. From exploratory simulations, we found that membrane-subunit interactions significantly
constrained relative orientations of nearby adsorbed subunits for physically relevant values of the membrane bending
modulus. Therefore, association can proceed only through a relatively narrow range of face-face angles (in comparison
to the angles available for association in solution). As the partial capsid grows, the accessible range of angles narrows
even further (Fig. S6a). Increasing the number of repulsive sites and moving them closer to the capsomer plane
enables a decrease in the interaction range, which allows a wider range of approach angles while maintaining the
equilibrium angle at the same value as for the original model. Moreover, the reduction of the interaction cutoff
reduced computation times by nearly a factor of 3.
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Figure S4. (a) Top and side view of the model capsomer, with attractor sites in red and orange, top and bottom repulsive sites
in violet and magenta, excluders in pink, and membrane-capsomer interaction sites in green. (b) Comparison of the original
model [6] and our extended model. Orange circles represent the new attractive sites on the capsomer edges, and the blue and
purple circles denote the new repulsive sites. (c) Capsomer geometry in the extended subunit model. (Left): a top view of a
capsomer of radius rpentamer and edge length a. The projections of the new repulsive sites on the capsomer plane lie on each of
the pentamer radii, at distances l from the nearest vertex and d from the pentamer edge. Their distances from the capsomer
plane, h, and l keep the same proportions as those in the original model. (Right): Geometry of capsomer-capsomer binding.
For two adjacent pentamers in a complete capsid, the distance between two opposite repulsive sites is σt and the equilibrium
angle is φ0

C. Subunit-membrane interactions

The potential between capsomers and lipids is split into parts accounting for attractive and excluded-volume
interactions respectively: UMC = Uad + Uex. These are defined as follows.

1. Adhesion interaction sites

The attractive subunit-membrane interaction is mediated by six sites, one at each of the five vertices and one at
the center of the capsomer. Each site sits at a distance Ls from the pentamer plane (Fig. S4a). These new interaction
sites interact only with the tails of the lipid molecules. In simulations with a domain, the sites interact only with
domain lipid tails (except for Fig. S1). The attractor-tail interaction is the same as the tail-tail interaction except
that there is no repulsive component, as if the attractors were point-particles with no excluded volume:

Uad(r) =


−εad ; r < rc

−εad cos2 π(r−rc)
2ωc

; rc ≤ r ≤ rc + ωc

0 ; r > rc + ωc

(S14)

where r is the distance between a capsomer adhesion site and the tail bead of a lipid. This form of interaction led to
a relatively smooth energy surface for diffusion of adsorbed subunits (in contrast to versions of the model in which
we constructed attractive interactions with lipid head groups).
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2. Excluder sites

A layer of 35 beads arranged in the shape of a pentagon is added to the capsomer base to prevent the overlap of
capsid subunits and membrane lipids (Fig. S4a). These beads interact via an excluded volume potential Uex with all
lipid beads:

Uex(r) =

 4ε0

[(
σ
r−s

)12

−
(

σ
r−s

)6

+ 1
4

]
; r ≤ s+ rc

0 ; r > s+ rc

(S15)

with s = (σex + σ)/2− 1, and σex as the size of the excluders. In this way, the effective shape of the capsomer is a
regular pentagon with thickness σex.

3. Adhesion energy

The adhesion free energy per capsomer was estimated from the calculation of the interaction between a matrix
protein attractive site and the lipid tail beads lying inside its interaction range. The number of interacting beads
depends on the matrix protein penetration into the membrane (Fig.S5a), so the free energy was integrated over the
accessible values of the penetration p:

F = −kBT ln

(∫ pmax

pmin
e−E(p)dp

v
1/3
0

)
. (S16)

where v0 = (∆pπr2
cut) is the standard volume, ∆p the range of possible penetrations where capsomer adhesion sites

experience attractive interactions with the membrane, and E(p) the interaction energy for a given penetration:

E(p) = 6ρ

∫ zmax(p)

zmin(p)

dz

∫ Rmax(z)

0

U(~r − p)2πrdr (S17)

with ρ the density of lipid tails and 6 standing for the number of interaction sites per capsomer. The geometry of the
system used for the integration is shown in Fig.S5b

We found that the adhesion free energy per unit area is linearly related to εad:

ead ≈ αεad (S18)

with α = −2.276σ−2. Note that this estimate overestimates the adsorption free energy, since it does not include
entropy losses suffered by lipid molecules upon subunit adsorption. Finally, we note that in principle the magnitude
and form of subunit-lipid interactions could be parameterized from higher resolution models (e.g. [7]).

D. Parameters

The units of energy, length, and time in our simulations were respectively ε0, σ and τ0. The parameters for the
membrane are chosen from Ref. [8] so that the bilayer is in a fluid state. We set the temperature of our simulations
to kBT/ε0 = 1.1 and the lipid-lipid interaction range to ωc = 1.5σ, both in equation (S6) and equation (S14). The
bending rigidity for these values is κ = 8.25kBT and the areal density of lipids η = 0.768σ−2 .

The parameters for the virus model were set according to the phase diagrams of the original model [9, 10] and our
exploratory simulations of assembly on a membrane. We found that the optimal parameters that allow large assembly
yields for a wide range of concentrations for kBT/ε0 = 1.1 are: Re = 1σ, rpentamer = 5σ, ρ = 3, h = 0.9375σ, l = 1.25σ,
σt = 2.63σ, σb = 0.75σt, Ls = 6σ, εvatt = 11.6ε0 = 10.55kBT , εeatt = 5.8ε0 = 5.27kBT , and εrep = 0.261ε0. The values
of the capsid parameters were chosen so that the total energy of assembly exceeds the bending energy of wrapping
the capsid. The energy needed for assembly on the membrane is above the optimal energy for bulk assembly, a higher
energy is needed to induce membrane curvature without capsid disassembly. Finally, the thickness of the capsomer is
σex = 1.25σ0, and the total mass of a capsomer is mpentamer = 66m0.
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Figure S5. Geometry used for the calculation of the adhesion energy. a) The schematic shows a slice of a membrane with the
interaction point representing the matrix protein in green at a given penetration p. The lipid tails are represented in blue and
the heads in red. The tail beads that lie inside the matrix protein interaction volume Vint are showed in solid blue and they
are confined between zmax and zmin in the z-direction. The potential cutoff is given by rcut = rc + ωc. b) Geometry used for
the integration of the adhesion energy . The energy contribution of every point inside a disk of radius Rmax(z) and width dz
is integrated inside the interaction volume (represented in blue).

The velocity and position of each lipid pseudo-atom i, with mass m0, evolves according to Nosé-Hoover barostat with
coupling constants for the thermostat τ = 0.4τ0 and for the barostat τp = 0.5τ0. The dynamics of lipid pseudo-atoms
were simulated using the npt algorithm in HOOMD (version 0.10.1) [11, 12].

Capsomers in turn, are represented by rigid bodies of mass mpentamer. The center of mass of capsomer i follows
Langevin equation (Eq. S19) according to the total force acting on it, fi = −∆V iTOT, the thermal noise at temperature
T , and the friction coefficient ξtrans.

mpentamerr̈i = fi − ξtransṙ +
√

2ξtranskBTR(t) (S19)

Capsomer orientations evolved according to the Langevin equation for rotational motion Eq.S20

I · Ω̇ = τi − ξrotΩ +
√

2ξrotkBTR(t) (S20)

where Ωi is the angular velocity of capsomer i, τi is the total torque acting on it, I is the moment of inertia of a
capsomer, and ξrot is the rotational friction coefficient. The equations of motion were simulated using the bdnvt -
rigid algorithm in HOOMD [11, 12], modified so that forces and torques arising from drag and random buffeting
were applied separately and isotropically. In the simulations the following magnitudes were used: Iz = 870m0σ

2,
Ix ∼ Iy = 205m0σ

2, ξtrans = 1.31m0/τ , ξrot = 2.6kBTτ0. Note that for these parameters the rotational motion
for particles in bulk is not as overdamped as would be the case for a protein in water. We performed additional
simulations in which the friction constant was increased to 100kBTτ0 and 1 · 104kBTτ0. Behavior in the simulations
with ξrot = 100kBTτ0 was unchanged, while for ξrot = 1 · 104kBTτ0 instances of bonding between inverted particles
were observed. This mis-bonding is a known artifact of this model, which can be eliminated by including additional
pseudo-atoms [10].

The remaining parameters can be assigned physical values by setting the system to room temperature, T = 300K,
and noting that the typical width of a lipid bilayer is around 5 nm, and the mass of a typical phospholipid is about 660
g/mol. The units of our system can then be assigned as follows: σ = 0.9 nm, m0 = 220 g/mol, ε0 = 3.77× 10−21J =

227gÅ
2
/ps2mol, and τ0 = σ

√
m0/ε = 8.86 ps.

S3. THEORETICAL ANALYSIS ON THE EFFECT OF THE DOMAIN ON NECK GEOMETRY

The main barrier for assembly on homogeneous membranes arises because strong curvature in the rim (neck) region
inhibits capsomers from diffusing to the budding sites. Here we estimate parameter values for which the presence of a
domain will lead to long necks with small curvatures that facilitates subunit diffusion. Specifically, there is a threshold
curvature c∗, determined by the geometry of the capsomer (Fig. S7), beyond which the subunit-membrane attraction
must decrease. For our system c∗ = 3/17σ−1, which corresponds to a minimum radius of curvature r∗ = 17/3σ.

In the case of a homogeneous membrane, the curvature in the rim region depends on the bending modulus κ and
adhesion energy ead: strong adhesion energy and small bending modulus leads to a tightly wrapped capsid and thus
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Figure S6. Geometry of the membrane during simultaneous assembly and budding. (a) As budding proceeds, the angle between
the growing capsid and the associating capsomers becomes more acute. In the original model the long-range repulsions between
top beads do not allow sufficient orientational flexibility for capsomers to approach at such acute angles. (b) Association of
a subunit adsorbed on the membrane requires either attachment of the subunit or a local membrane conformational change.
(top) A short neck formed around a large partial-capsid intermediate leads to a strong kink and thus association of another
subunit requires a significant membrane deformation. (bottom) A long neck, such as found during assembly of a raft with
optimal size, leads to a soft kink and subunit association involves relatively modest membrane deformations.

Figure S7. Maximum membrane curvature c∗ that allows capsomers diffusion with no energy barrier; for simplicity we assume
that subunit-membrane attractors (green) are aligned with a principle axis.

high curvature in the rim. From these parameters we can define a relaxation length lr ∼
√
κ/εad, with εad the

adhesion energy per unit area. For our calculation, we approximate the neck (rim) region as a section of a toroid,
with a curvature related to the relaxation length as c = π

2lr
(Fig. S7) [13]. The annular area of the domain between

the edge of the rim and the domain interface is approximated as flat.

Now, we consider the case of a half-capsid, which is the size at which assembly typically stalls on a homogeneous

Figure S8. (a) Toroid approximation for the rim. ρ is a function of l via the curvature c(l). (b) Definition of domain radius
after membrane deformation during wrapping. (c) Membrane shape. c.1) approximated shape adopted by the membrane with
no domain and relaxation length l, c.2) Membrane shape with the maximum curvature (c∗) that allows particle diffusion.
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membrane, and we compare the energy of a short neck typical of a homogeneous membrane with c = π
2lr

(Fig. S8c.1)

with the long shallow neck that facilitates subunit diffusion, with c = c∗ (Fig. S8c.2). We observe from simulations
that longer necks require partial detachment of the membrane by approximately 25% of the membrane attractors on
subunits at the perimeter of the capsid intermediate. The change in adhesion energy between these two configurations
is then given by

∆Ead = Ead(long neck)− Ead(short neck) = fead∆Aattached ∼ ead2πRcapsidfrpentamer (S21)

with f = 0.25, 2πRcapsidfrpentamer accounts for 25% of the capsomer area of the outer ring of the half capsid being
detached from membrane attractors.

Next, since we are assuming that the rim region corresponds to a section of a toroid, its bending energy is calculated
as [13]

Erim
bend = πκ

∫ π/2

0

ρ(δ − ρ sinα)

(
1

ρ
− sinα

δ − ρ sinα

)2

dα (S22)

where ρ and δ are functions of the rim curvature c(l) as shown in Fig. S8a, and since we consider a half-capsid, the
membrane detaches at angle θ = π/2. The change in bending energy between long and short necks is then given by

∆Ebend = Erim
bend

(
l∗ =

π

2c∗

)
− Erim

bend

(
lr =

√
κ

εad

)
. (S23)

Finally, the formation of a long neck is driven by a corresponding reduction in the interfacial energy. We calculate
the interfacial energy following Eq. 2 (main text) extended to include the effect of the rim geometry. Assuming that
the total area of the domain Adomain = πr2

domain is conserved, the area of the flat annular region between the edge of
the rim and the domain interface (Fig.S8b) is given by

Aflat = π(r2
out − r2

in) = Adomain −Awrap −Arim(l) (S24)

where rout is the radius of the domain in the plane of the membrane, rin = Rcapsid sin θ is the in-plane radius of the
wrapped capsid intermediate, Awrap = 2πR2

capsid(1 − cos θ) is the area of the wrapped intermediate, and Arim(l) is

the rim area which depends on the relaxation length lr or l∗. The change in interfacial energy between states a) and
b) is then:

∆Eint = 2πγ [rout(l
∗)− rout(lr)] (S25)

with

rout(l) = rdomain

√
1−

R2
capsid +

(
2 + 4

π

)
lRcapsid +

(
4
π −

12
π2

)
l2

r2
domain

. (S26)

From Eq. S26 we immediately see that that when r2
domain � R2

capsid, rout is nearly constant. Thus the interface of
a large domain provides insufficient driving force to promote a long neck; similar to the finding that the interfacial
driving force for membrane curvature decreases the domain size (Eq. 2).

Finally, the total change in energy between a short neck and a long neck is given by ∆E = ∆Ead + ∆Ebend + ∆Eint

(Eqs. S21, S23 and S25). Negative values of ∆E indicate that the long neck is favorable and thus assembly is likely
to proceed past the half-capsid state in the presence of the domain. The dependence of ∆E on rdomain, ead, and γ
is shown in Fig. S9. We see that the results qualitatively match the behavior observed in the simulations; moderate
values of ead and domain sizes larger than but comparable to the capsid area are required to promote assembly and
budding.

S4. ADDITIONAL FIGURES
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Figure S9. Difference in total energy between a long and short neck (∆E = E(long-neck)−E(short neck) as a function of (a) line
tension (γσ/kBT ≈ 22.9−24.7εDM/ε0) and adhesion strength, and (b) domain radius and adhesion strength. Positive energies
in red show that the system will not adopt the softer configurations needed for assembly to proceed beyond a half-capsid.

Figure S10. Curved capsomer model. (a) Top and side view of the capsomer. Sites are the same as for the planar subunit;
attractive sites are red and orange, top and bottom repulsive sites are blue and purple, excluders are pink, and capsomer-lipid
interaction sites are green. (b) On a homogenous membrane, assembly stalls at the half capsid, as found for the planar case.

Figure S11. Cumulative histogram of final configurations as a function of the adhesion strength for a domain with rdomain = 35σ
and γ = 1.9kBT/σ. The color code represents the outcome type and follows the same format as in Fig. 4 of the main text:
succesful assemby (green), budding of a partial capsid (yellow), stalled assemby with wrapping (red) and malformed assembly
(violet).
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Figure S12. Assembly times. The average time needed for an initial assemblage of three capsomers to complete assembly
is shown as a function of the domain radius rdomain and the adhesion energy ead for γ = 1.9kBT/σ. Grid points shown in
white indicate parameter values for which assembly was not completed. As noted in the main text, the timescales from these
coarse-grained simulations are qualitative.

Figure S13. Kinetic traps. Simulation snapshots illustrating some typical kinetic traps, for rdomain=35σ and γ=1.9kBT/σ
with varying ead and time steps between subunit injections τinject. (a) Slices of configurations at different times for ead=0.5α
and τinject = 1500τ0. A dimer associates with a strained geometry to the growing capsid; therefore, the next subunit is prevented
from proper association and a malformed capsid arises. (b) Two partial capsids nucleate and then coalesce into a malformed
assemblage, which then drives budding of the entire domain. Parameters are ead=0.3α and τinject=0τ0. (c) High values for
the adhesion strength ead=0.6α and injection rate τinject=0τ0 lead to formation of a flat aggregate on the membrane. (d) An
intermediate adhesion strength ead=0.5α and high injection rate τinject=0 lead to formation of a partial capsid trapped within
a flat aggregate. Both top and side views are shown for (c) and (d).
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Figure S14. Assembly and budding of a complete capsid in a system with 19 capsomers for ead=0.3α and τinject=500τ0,
γ=1.9kBT/σ, and rdomain=35σ. Side views of the process are shown, with indicated times since the simulation started (t = 0).
(a) When the last subunit is injected (t=9500τ0), the capsid is already half formed. (b) Two partial aggregates are formed,
and (c) assemble into a malformed capsid. (d) The capsomers rearrange into an almost finished capsid. (e) The last subunit
assembles and (f) the capsid buds
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Figure S15. Predominant end products as a function of the subunit injection rate and the adhesion strength for a domain with
rdomain = 35σ and γ = 1.9kBT/σ. The most frequent outcome is shown for every set of parameters (with symbols as defined in
Fig. 4 of the main text). The asterisks indicate that other behaviors are observed in some trajectories, with the asterisk color
representing the nature of the alternative outcomes. Yellow asterisks indicate that some trajectories resulted in incomplete
assembly with budding of the entire domain, green asterisks indicate that some trajectories resulted in complete assembly and
wrapping, and black asterisks indicate that the alternative behavior is the budding of the whole raft with a malformed capsid
as shown in Fig S13b.

Figure S16. The attached movie files show an animation from an assembly trajectory for ead=0.4α, rdomain = 35σ and
γ = 1.3kBT/σ. Video S13a shows the beginning of the trajectory, and Video S13b shows the end.
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