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Astring of nucleotides confined within a protein capsid contains all the instructions
necessary to make a functional virus particle, a virion. Although the structure of the
protein capsid is known for many virus species’?, the three-dimensional organization
of viral genomes has mostly eluded experimental probes**. Here we report all-atom

structural models of an HK97 virion®, including its entire 39,732 base pair genome,
obtained through multiresolution simulations. Mimicking the action of a packaging
motor®, the genome was gradually loaded into the capsid. The structure of the
packaged capsid was then refined through simulations of increasing resolution,
which produced a 26 million atom model of the complete virion, including water
and ions confined within the capsid. DNA packaging occurs through aloop extrusion
mechanism’ that produces globally different configurations of the packaged genome
and gives each viral particle individual traits. Multiple microsecond-long all-atom
simulations characterized the effect of the packaged genome on capsid structure,
internal pressure, electrostatics and diffusion of water, ions and DNA, and revealed
the structuralimprints of the capsid onto the genome. Our approach canbe
generalized to obtain complete all-atom structural models of other virus species,
thereby potentially revealing new drug targets at the genome-capsid interface.

The essence of each virus, its genome, is protected from the outside
world by a protein enclosure, a capsid. Once conditions are met for
viralinvasion, the genomeisreleased from the capsidinto atarget cell.
Advancesin X-ray crystallography and cryogenic electron microscopy
(cryo-EM) have provided awealth of structuralinformation about viral
proteins, including fully atomistic structures of assembled capsids for
many virus species"?. Much less is known about the global organization
of viral genomes inside fully packaged viral capsids"?%.

Genome packaging has been extensively studied in several viral
systems®® and has led to characterization of the structural®®" and
mechanical®® aspects of the packaging process. Viral capsids can
self-assemble around their genomes, such as in most RNA viruses**.
Alternatively, the genome is packaged into a pre-formed, immature
capsid, suchasinbacteriophages, including HK97 (ref. 5), whichis the
focus of this work. Encapsulation of genomes through self-assembly
usually requires specific genome-capsid contacts, which has enabled
some experiments toresolve as much as 80% of the backbone structure
of the genome®*, Precise structural organization of the genome is less
understoodin pressurized viruses. Small-angle X-ray scattering (SAXS)
has enabled the determination of the average inter-DNA distance in
packaged viruses™®. Meanwhile, cryo-EM microscopy has shown that
DNA forms coaxial shells of increasing disorder towards the interior
of the capsid®™. Experimentally resolving the genome structure of
anindividual virion with single-nucleotide resolution s currently not
possible.

Modelling the structural organization of nucleic acids inside
viral particles is challenging because of the complexity of the ion

atmosphere'?, scarce experimental data on the energetics of such

systems??, the size (50-100 nm diameter) of typical virions and an
astronomical number of possible nucleic acid conformations that
satisfy lax experimental constraints. Coarse-grained (CG) models®,
whichtrade precision for performance, have enabled computer simula-
tions of entire virions, including SARS-CoV-2 (ref. 24) and HIV®, Pack-
aging of DNA in bacteriophage systems has been investigated using
several CG models®~°, which, under specific assumptions regarding
DNA-capsid®®* or DNA-DNA* interactions, could produce coaxial
spooling of the genomes. Despite offering an accurate description
of DNA mechanics®*2, DNA-DNA and DNA-protein interactions>,
all-atom molecular dynamics (MD) simulations of the genome packag-
ing process have not yet been possible. Consequently, previous all-atom
MD studies of viral systems>** have analysed the behaviour of protein
capsids®** or outer envelopes®?8, leaving the structure and dynamics
of the nucleic acids confined within the capsids largely unexplored,
with the exception of a proof-of-principle study®.

Here we report complete all-atom structural models of a bacterio-
phage HK97 virion obtained through a multiresolution simulation
approach. Using a coarser-resolution model, we package the entire
39,732 base pair (bp) genome of HK97 into an atomically accurate
representation of its 65 nm diameter capsid®>". By gradually increasing
theresolution of the computational model, we arrive at a fully atomis-
tic, explicit solvent representation of the HK97 virion, which we then
simulate using the all-atom MD method. Analysis of our multiresolution
simulations provides a wealth of information not easily accessible by
other means.

'Center for Biophysics and Quantitative Biology, University of Illinois at Urbana-Champaign, Urbana, IL, USA. 2Beckman Institute for Advanced Science and Technology, University of Illinois at
Urbana-Champaign, Urbana, IL, USA. ®Department of Physics, University of Illinois at Urbana-Champaign, Urbana, IL, USA. *%e-mail: aksiment@illinois.edu

Nature | Vol 627 | 28 March 2024 | 905


https://doi.org/10.1038/s41586-024-07150-4
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-07150-4&domain=pdf
mailto:aksiment@illinois.edu

Article

b %104 [ Proteins per bin (0.25 A)
o __ 8.1
S=gof -~~~ —F -
T T T
= 282.5 é
5 M 2
B e — T
© 2775 s
= 2% Rigeo 2% Rgrtex =
262.5 (]
v% w
g
@ 2575
0 200 400 600 ! : ; i
T 270 280 290 300
ime (ns) CoM (crystal structure)
e f
1.5 1
<
[V
g +
Z 1.0 +
|t
o L . 1L . | ’
(]
$o51 =~ A |
o Edges Faces
E: g Q
Vertices
0 T T T T T T T -2 . r T T T T T
! 12 3 4 5 6 7 225 250 275 300 325 350 375
Protein CoM Protein location Time (ns)
RMSF (A) 0.6 0.8 1.0 1.2
vy k Inwards [0 Qutwards
9 S
ST200f |
: AL EE L L
7 ® 1| -8 SF UF F§ =
g oL T 5V EF Y GY ¢
L 12 3 45 6 7
. Protein location
] 1 03
A g =
3 2 _ S 02
ET >
c @ =
8 < 300 g 01
R 5% — Outwards 20 :
T = — Inwards
= oLl (o] I ’
0 0.3 0.6 -250 0 250
Time (us) Radial coordinate (A)

Fig.1|Insitustructure ofaprotein capsidinthe absence of DNA.

a, Solvated, 27.5 millionatom model of anempty HK97 virion. One of the
repeating subunits of theicosahedral capsid is highlighted in colours that
represent the seven protein locations within the subunit. b, Interior volume
(top), vertex-to-vertex (middle) and face-to-face (bottom) dimensions of the
capsid versus simulation time. The dashed lines indicate the corresponding
crystalstructure values. Error bars show the s.d. over n= 6 and n =10 pairs of
vertices and faces, respectively. c, Trajectory-average distance from the centre
of'the capsid to the CoM of each capsid protein versus the corresponding
crystalstructure value. For each protein location, the symbol shows the value
averaged over the 60 copies of the protein, whereas the histogram (top axis)
shows the distribution of the value among the copies. d, Root mean-squared
fluctuation (RMSF) of each protein CoM coordinate over arepresentative 50 ns

Insitu properties of an empty capsid

As abaseline reference for our computational models of fully packaged
virions, we determined the insitu structure and physical properties of
anempty, fully mature HK97 capsid (Fig. 1a). The initial all-atom model
ofthe capsid was constructed starting fromits crystal structure (Protein
Data Bank (PDB) identifier: 2FT1)*°. The titratable residues at the inner
surface of the capsid were protonated*, which made the capsid electri-
cally neutral. After solvation with 0.2 mol kg *NaCland 0.005 mol kg™
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fragment of equilibration. e, Average CoM RMSF by proteinlocation. Error bars
represent thes.d. over 60 copies per protein. Edge, face and vertex parts of the
capsid are definedind and e. f, CoM radial displacement of two neighbouring
faceswithrespecttothe average value shown usinga colour bar (top) and asa
10 nsrunning average (bottom). g, Representative 1 nstrajectories of water
molecules crossinginto (green) and out of (yellow) the capsid. h,i, Location

of water passages (blue) visualized as anisosurface (5.26 molecules per nm?)
ofwater density. Fori, the density was averaged over the 60 icosahedron subunits.
Jj, Trans-capsid water exchange rate versus simulation time. k, Equilibrium
water exchange rate for each protein location. Error bars (black) represent the
s.e.m.over 60 copies per protein. I, Equilibriumion concentration versus
distance fromthe capsid centre.

MgCl, electrolyte, minimization and restrained equilibration, the cap-
sid was simulated for 0.7 ps without restraints (Methods).

The overall structure of the capsid was observed to attain an equilib-
rium configuration after approximately 0.5 pis. After initial increase, the
volume enclosed by the capsid (Fig. 1b, top), and the average location
of the vertices of the capsid (Fig. 1b, middle), returned to their crystal
structure values, whereas the faces of the capsid moved inwards by 2 A
(Fig.1b,bottom). Theradial distance to individual gp5 proteins deviated
fromits crystal structure value, but remained withinaround 1 A of the


https://doi.org/10.2210/pdb2FT1/pdb

latter (Fig. 1c). In contrast to a previous simulation of the HIV capsid®,
the root mean square deviation (RMSD) of resolved residues in the
HK97 capsid converged below 3.5 A within the initial 0.3 ps (Extended
Data Fig. 1a,b). Among the seven protein locations constituting an
asymmetric subunit (Fig. 1c), proteins forming the vertex (location 7)
showed the greatest deviation from the crystal structure and the least
amount of fluctuation (Extended Data Fig. 1c—f).

During equilibration, the capsid was seen to undergo rippling fluc-
tuations; thatis, alternating outward and inward radial movements of
the capsid subunits (Supplementary Video 1). The amplitude of such
fluctuations depended on the location within the repeating structural
unit of the capsid (Fig. 1d), with the centre of mass (CoM) of proteins
atthefaces and edges fluctuating significantly more than those at the
vertices (Fig. 1e). Figure 1f illustrates the rippling motion by plotting
theradial displacements of a pair of neighbouring faces, such that the
inward motion of one face is anticorrelated with an outward motion of
the other.Onalargerscale, the rippling motion was not coherent, and
its period varied from one pair of faces to the other. Simultaneously,
the capsid underwent global fluctuations that involved expansion and
contraction of the capsid asawhole, and resembled the act of ‘breath-
ing’. Principal component analysis revealed the top three modes of the
collective motion that describe asymmetric deformation of the capsid
featuring opposite direction motion of its nearby regions (Extended
DataFig.1g-hand Supplementary Video 2). These modes were similar
tothebehaviour previously reported from simulations of other empty
viral capsids®*%,

Overthe course of the equilibrationsimulation, water molecules were
observed to passinto and out of the capsid (Fig. 1g-i), with the rate of
water exchangeincreasing to over 600 molecules per nsin equilibrium
(Fig. 1j). This equilibrium exchange rate is higher than that reported
for a poliovirus* (around 10 ns™), but smaller than the exchange rate
throughahepatitis B capsid® (about 10* ns™) or an HIV capsid® (about
10* ns™). The water exchange was not uniform along the capsid surface
(Fig.1k), with the majority of the water transport occurring at the faces
and edges of the capsid and not at the vertices, despite each of the
latter having a pore (Fig. 1h). Sodium and chloride ions also perme-
ated through the capsid, reaching an equilibrium exchange state after
0.4 ps (Extended DataFig. 2a). At equilibrium, chlorideions crossed the
capsid15 times more frequently than sodiumions. At the timescale of
our simulation, no crossing events were observed for magnesiumions,
which were localized near the junction of the asymmetric subunits.
Itremainsunclear whether the treatment of magnesiumions as perma-
nent hexahydrate complexes—bulkier than bare magnesium but less
prone to forming contacts that are irreversible on the MD timescale—
isresponsible for this observation.

Genome packaging and virion individuality

Using our multiresolution model of DNA, parametrized to reproduce
experimentally measured DNA elasticity and osmotic pressure in con-
densed DNA arrays, we simulated packaging of the 39,732 bp genome
into an implicit, grid-based representation of the fully mature HK97
capsid, bypassing the maturation process and the associated capsid
expansion (see Methods for details). Starting with awell-equilibrated
DNA conformation (Fig. 2a), DNA packaging was produced by applying
alocal force to the DNA beads located within the portal of the capsid
(Supplementary Video 3). Sixteen packaging simulations were per-
formed at 4 bp per 2 bead resolution (1 bead representing the helix
and 1bead representing the orientation of the major groove; implicit
solvent) and a packaging force of 55 pN (referred to as ‘slow’; Extended
DataFig. 3 and Supplementary Video 4). In eight of the simulations, a
local torque was applied in the portal to rotate the DNA right-handed
by 14° per1turnof the packaged DNA**. After packaging, each system
was equilibrated for approximately 200 ps, which produced 16 distinct
configurations of a fully packaged virion. Four additional packaging

simulations were performed at4 bp per 2 bead resolutionand a higher
packaging force of 280 pN (referred to as ‘fast’), and for 2 of these, alocal
torque was applied to rotate the DNA by around 360° for each turn of
the packaged DNA. Note that the genome packaging speed inthe slow
packaging simulations approaches the speed of unassisted genome
ejection from the capsid (Fig. 2a and Supplementary Video 5), with
theratio of genome packaging-to-genome ejection speeds congruent
with the experiment®.

During the simulations, the fraction of packaged genome stead-
ily increased (Fig. 2a) and exhibited small fluctuations, which were
caused by the differences in the DNA configuration outside the cap-
sid. The pressure inside the capsid monotonically increased, reaching
approximately 10 bar for a fully packaged configuration (Fig.2b). The
bend energy per packaged base pair decreased slightly as packaging
progressed (Fig. 2b). This result is apparently at odds with the spool-
ing model of DNA packaging®?%, whereby early packaged DNA forms
gently curved concentricrings at the edges of the capsid. Ina previous
simulation of DNA spool relaxation*, large-scale rearrangement of
the inner DNA spools were observed to reduce the bending stress.
Inour simulations of DNA packaging, amarkedly different mechanism
for reducing global stress was seen to emerge. Close inspection of the
packaging simulations revealed a repeating loop extrusion process
thatbeginswith a highly curved bulge forming near the portal (Fig. 2c).
Theincoming DNA then pushes the bulge away from the portal to form
a hairpin-like switchback loop that propagates along an established
local helical axis until sufficient stress builds that anew bulge forms at
the portal and the process is repeated (Supplementary Video 6). The
average length of theloop gradually increased from50to 150 bp asthe
genome filled the capsid (Fig. 2d). By the end of the simulations, about
three quarters of the genome formed such loops (Fig. 2d).

The switchback-loop organization of the DNA genome was partially
caused by the significant local liquid crystalline (nematic) order, which
developed early during the packaging process (Fig. 2e).In a fully pack-
aged particle, the nematic order was the highestin the outermost parts
ofthe genome (Extended Data Fig. 3b), which could be aconsequence
of the capsid geometry preventing the helices from adopting sharply
radial orientations at the boundary. Alternatively, it is possible that the
non-uniform nematic order is indicative of a slow relaxation process*
that prevents full equilibration of the nematic order throughout the
system. By interpolating both the nematic axis and the nematic order
toaregular grid and using theoretical values for the elastic constants*®,
we numerically computed the local Frank-Oseen energy that quanti-
fies the cost of introducing distortions into a nematic field (Fig. 2e).
Dominated by the splay term, this energy monotonically increased
during packaging. As most of the packaged genomes visually appeared
to exhibit significant order about the axis of the packaging portal, we
expected to find a high value for the toroidal order parameter”, ametric
thatis 0.5 for arandom coil and 1.0 for a perfectly spooled polymer.
The toroidal order reached around 0.6 at the end of the packaging
simulation (Fig. 2f). This low value can be attributed to microscopic
deviation of the DNA path out of the plane defined by the toroidal
axis. The initially high value of the toroidal order can be attributed to
our choice to compute the toroidal axis from the DNA path, adopting
the axis that maximizes the toroidal order rather than the portal axis.
A detailed analysis of the fully equilibrated slow packaged configu-
rations showed little dependence of the global genome metrics on
the presence of a twist during the packaging process (Extended Data
Fig.3b).

Although the packaging simulations started from similar initial con-
figurations of the genome, and although many statistical measures
exhibited low variance across packaged capsids (Fig.2b-fand Extended
Data Fig. 3b), the heterogeneity of the packaged structures was visu-
ally striking (Supplementary Video 4 and Extended Data Fig. 3a). For
example, asharpinterface was observedin the outmost packaged DNA
between early-packaged and late-packaged DNA, and the contour of
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Fig.2|Simulation of genome packaging. a, Top, packaging of the HK97
genome at4 bp per 2 beadresolution. Bottom, the plotsillustrate simulations
ofthe packaging process (left) driven by the portal potential (inset) and of
spontaneous ejection (right). Solid lines here and throughout the figure depict
ensemble averages; shaded regions depict thes.e.m.amongeightindependent
packaging simulations (replicas) for each curve. b, Internal pressure and
energy during packaging and equilibration (Equil.) simulations. ¢, Switchback-
loop formation during packaging. Inset depicts a switchback loop witha highly
curved centre and two arms that remain within 6 nm. The three genome
configurations depict the formation of two switchback loops (in cyanand
green). The first switchbackloop (cyan) is extruded by the packaging motor
until growth of the loop stalls and the nascently packaged DNA buckles,
formingasecondloop (green). The DNAis coloured by theinstantaneous bend

thisinterface varied, being roughly planar in some capsids (Fig. 2a) and
baseball seamshapedinothers (Fig.2g). Furthermore, the planar inter-
faces formed at various angles relative to the packaging axis. Independ-
entcharacterization of the four packaged genome quadrants produced
highly similar results. On average, the most notable difference was a
few per cent increase of the local nematic order for the last quadrant
to be packaged. To visualize the differences among the capsids, the
nematic director field was treated like a velocity field through which
streamlines could be drawn (Fig. 2h). The streamlines showed that
the genome of each capsid possesses a distinct liquid crystal order®,
despite having similar global properties, including pressure, energy
and average nematic order parameter. Thus, the packaging process
gives mature virions individual traits encoded by the topology of the
packaged genome.

Properties of a packaged capsid

We built our initial all-atom models of fully packaged virions by first
converting the equilibrated CG models of packaged DNA to higher
resolution CG models (2 bp per 2 beads and then to 1 bp per 2 beads),
equilibrating each model for 400 ps. Six systems that differed by the
configuration of the packaged DNA were then converted to anall-atom
representation that had the sequence of HK97 genome and merged
withapre-equilibrated volume of electrolyte with theion composition
of atight DNAbundle®. Solvent molecules that clashed sterically with
the genome were removed. The resulting systems were equilibrated
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energy from 0 kcalmol™ (red) to 1.5 kcal mol™ (blue). d, Quantification of
switchback loops during packaging, including the absolute number of loops
detected, the average loop length (note that loops may overlap) and the
amount of the packaged DNA inatleast one switchbackloop. e, Global order
inthe packaged genome. Thelocal nematic order (6 nmneighbourhood), and
the Frank-Oseen nematic energy calculated from the nematic director field.
f, Toroidal order of the packaged genome. g, Example of a packaged genome
featuring abaseball seaminterface between early-packaged (blue) and
late-packaged (red) DNA. h, Streamlines of the nematic director field of select
capsidsreveal adistinct pattern for each genome. Each streamlineis coloured
by thelocal nematic order with white corresponding to zero order, and blue
corresponding to the maximum order observed in the system.

inthe presence of agrid-based potential that reproduced the confine-
ment of the protein capsid while allowing free exchange of water and
ions. After theion atmosphere reached equilibrium, the grid potential
was replaced by the all-atom structure of the capsid. The resulting
systems underwent multiple steps of restrained equilibrations and
were eventually simulated in the absence of any restraints (Methods
and Supplementary Tables 1-9). Four models containing DNA pack-
aged at a high packaging force with and without twist (2 models each)
were each simulated for 0.31to 0.87 ps, depending on the system.
Two models containing DNA packaged at a low packaging force with
and without twist were each simulated for about1 ps. Supplementary
Video 7illustrates one such equilibration trajectory, and Fig. 3a shows
its final equilibrated state.

Free equilibration simulations of the fully packaged virions revealed
aballoon-like expansion of the virion volume manifested by an out-
ward motion of the faces of the capsids and anear constant separation
of the vertices of the capsids (Fig. 3b and Supplementary Video 1).
In all simulations of the packaged capsids, the 6 proteins forming the
faces of the capsid moved by 3-5 A outwards, whereas the proteins at
the vertices moved less than 1A (Fig. 3c and Extended Data Fig. 4a).
The rippling motion of the packaged capsids was decreased (Sup-
plementary Video 1) and the average CoM fluctuation of the proteins
was reduced by half (Fig. 3d). The 5% expansion of the capsid volume
matched the4%increase of the volume occupied by the genome. Thus,
the self-repulsion of the DNA genome stretches the capsid while simul-
taneously reducing the amplitude of its local fluctuations.
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Fig.3|Properties of a packaged capsid. a, Solvated, 26 million atom model of
apackaged virion after1ps of MD simulation. To reveal the encapsulated DNA
(red), one half of the protein capsid isnot shown. b, Interior volume (top),
vertex-to-vertex (middle) and face-to-face (bottom) dimensions of the capsid
simulated withand without DNA. Error bars show thes.d.overn=6andn=10
pairsof vertices and faces, respectively. c, Average CoM displacement of the
capsid proteins from their crystallographic coordinates. d, Average CoOM RMSF
of the protein capsid by the protein location within the asymmetric subunit.
Errorbarsrepresentthes.d.over 60 copiesofthe protein. e, Average
per-residue RMSD of a fully packaged capsid (slow trajectory) depicted by
colouring the outward-facing (top left) and inward-facing (top right) residues
oftheicosahedronunitandasafunctionofthe residue number (bottom).

The RMSD of individual residues from their initial coordinates pro-
vided adetailed map of the microscopic deformations (Fig. 3e). Higher
thanaverage displacements were observed for residues at the bounda-
ries of neighbouring capsid proteins and at the vertices, which corre-
lated with the locations where solvent exchange occurs. Conversely,
lower than average displacements were seen for residues buried under
the proteinsurface. Per residue comparison of the empty and packaged
structures (Fig. 3f) revealed modest differences, which suggested that
large (>7 A RMSD) deviations from the crystal structure coordinates
(Fig. 3e) are not caused by the pressure from the packaged DNA. By
contrast, larger deviations of certain residues, such as of Arg130, Arg131

Residues undergoing large deviations are marked with symbols coloured
accordingto the proteinlocation. Residues not resolvedin the crystal
structure areshowninwhite. f, Average per-residue displacement of the
packaged capsid withrespect to the empty capsid. g, Equilibriumion
concentration versus distance from the capsid centre. h, Equilibrium rate of
water exchange across the capsid, inwards (open) and outwards (solid), for fully
packaged and empty states of the capsid. Error bars show the s.d. over n=25
measurements. i, Electrostatic potential map of the packaged virion (slow)
averaged over thefirst (left) and the last (right) 100 ns fragments of the
equilibration simulation. j, Average electrostatic potential of the volume
enclosed by the capsidrelative to that outside the capsid as afunction of
simulation time for empty and packaged capsid simulations.

and the adjacent residues, can be attributed to their specific interac-
tions with the packaged genome. Similar structural deformations of
the capsid proteins were observed in other simulations of the packaged
particles (Extended Data Fig. 4).

The presence of DNA makes the ion composition inside the capsid
different fromthe outside. The negative charge of the DNA phosphate
groups was compensated approximately in equal amounts by the
increased concentrations of Na® and Mg?* cations, whereas Cl " ions
aredepleted® (Fig.3g). The charge of the DNA also polarized the cap-
sid, increasing the charge of its inward facing surface from 81 +10 to
305 +10 proton charges. As with the empty capsid, solvent exchange
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occurred primarily through the small gaps at the protein interfaces,
although the equilibriumrate of water exchange was reduced by a fac-
tor of two (Fig. 3h). This reduction was caused by a 30% (by volume)
contraction of water-filled cavities (Extended Data Fig. 5a) and reduced
water diffusivity (Fig.4j), which also accounted for the slight depend-
ence of the rate on the packaged model. The rate of water exchange
across the capsid was more than 100 times higher than the rate of net
water fluxinto the capsid during equilibration, which increased solva-
tion ofthe genome by 0.6%. The DNA reduced the rate of CI” exchange
by more than fivefold, whereas the rate of Na*exchangeincreased by a
factor of two (Extended Data Fig. 2a), which qualitatively matched the
changesinthe respective ion concentrations.

The average maps of the electrostatic potential (Fig. 3i and Extended
DataFig.2d-f) revealed substantial changesin the interior of the pack-
aged capsid. Initially, the average potential of the interior of the capsid
was approximately -350 mV relative to that of the outside volume
(Fig. 3j and Supplementary Video 8). The internal potential reached
0 mV after 500 ns of equilibration but continued to increase, saturat-
ingat 25+ 2 mV. A similar change in the electrostatic potential was
observed during a microsecond-long equilibration of another model
ofthe packaged capsid (Fig. 3j). By contrast, the interior electrostatic
potential of anempty capsid equilibrated to zero, which we confirmed
by repeating empty capsid equilibration using different initialion con-
centrations (Fig. 3j). The gradual increase in the interior electrostatic
potential is produced by the influx of ions neutralizing the electrical
charge of the DNA (Extended Data Fig. 2d), whereas the overall posi-
tive value of the equilibrated potential is caused by the inner core of
the DNA (Extended Data Fig. 2h). Overall, a packaged capsid particle
hasanelectrically neutral core surrounded by a polarized protein shell
(Extended Data Fig. 2e-h).

Properties of packaged DNA

Multiparticle cryo-EM reconstructions of DNA bacteriophages, includ-
ing HK97 (ref.17), showed distinct coaxial layers of DNA density (Fig. 4a).
To determine whether individual genome configurations obtained from
our DNA packaging simulations are consistent with such averaged
cryo-EM density, we averaged the DNA density sampled by individual
MD runs over the icosahedral symmetries of the capsid and the MD
trajectory. The resulting average density (Fig. 4b) showed multiple
distinct coaxial layers that diminished inintensity towards the centre
of the capsid. The plots of the averaged experimental and simulated
DNA densities across the capsid (Fig. 4c) revealed five (along faces)
and seven (along vertices) peaks. The average simulated DNA-DNA
spacing was 25.3 + 0.2 A along faces and 26.1+ 1.4 A along vertices,
whereas the average inter-axial distance computed directly® from
the 3D genome configuration was 25.3 + 0.5 A. Similar layering of aver-
aged densities was observed for other equilibrated all-atom models
(Extended DataFig. 7a).

Despite the emergence of coaxial layers in the average DNA density,
the instantaneous genome configurations produced by our packag-
ing simulations (Fig. 2 and Extended Data Fig. 3) did not conformto a
perfect coaxialinverse-spool, as seenin previous modelling studies of
the T7 system? or the £15 system?. To demonstrate how coaxial spool-
ing emerges from multiparticle averaging, we applied our averaging
procedure to our CG equilibration trajectories of the packaged par-
ticles. As we increased the number of symmetries used for averaging
(Fig.4d), anincreasing number of layers became visible. By averaging
over the 16 independent packaged configurations, 7 coaxial layers
were clearly identified, similar to that seen in an experimental recon-
struction”. Diffuse spool-like arrangement of DNA near the capsid was
alsovisiblein some single-particle transmission electron microscopy
(TEM)-likeimages of the simulated DNA configurations (Extended Data
Fig. 6), which stems from projection averaging inherent to the TEM
method. Thus, the presence of layers in the averaged structures may
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notbe specifically interpreted as anindication of the inverse-spool-like
arrangement of the packaged DNA, which echoes conjectures from
previous studies?#5152,

The global organization of the genome was further assessed by cal-
culating SAXS profiles separately for the capsid and the DNA parts of
the packaged particle. Similar to the experimental SAXS profile of an
empty HK97 capsid®, the calculated profiles of the packaged capsid
featured multiple peaks at longer wavelengthsreflecting theicosahe-
dral symmetry (Fig. 4e). Over the 1 ps simulation, the SAXS profiles of
the genome converged to ashape characterized by the DNA diffraction
peak at 0.248 A (Fig. 4e, right), a result also seen in all equilibrated
packaged structures, in agreement with the 0.238-0.264 A range
reported in previous studies®>**.

Theoverallstructure of the genome appeared less ordered towards
the capsid centre, which we characterized by computing the angle
between the local helical axis of the DNA and its radial vector from the
centre of the capsid. The resulting distributions (Fig. 4f and Extended
DataFig.7e) showed that DNA helices are almost always perpendicular
to their radial vectors near the capsid but lose that orientation half-
way towards the capsid centre. At the base-pair level, 3 out of 12 bp
characteristics showed a progressive change with distance from the
capsid centre (Fig. 4g and Extended Data Fig. 8). In proximity to the
capsid, DNA base pairs had stagger similar to that of regular B-DNA,
whereas the opening and stretch parameters deviated appreciably
fromthe B-DNA values. Moving towards the interior, the absolute value
of stagger increased as the stretch parameter returned to its B-DNA
value. The fraction of base pairs that deviated appreciably from their
Watson-Crick configurations (Fig. 4h and Extended Data Fig. 7b,c)
reached a maximum at the outermost layer of the DNA, a result con-
sistent with a picturein which the stress on the genomeincreases with
the distance fromthe capsid centre. These broken base pairs could be
broadly categorized as mis-stacked, frayed and over-bent (Extended
Data Fig. 7d). Mis-stacking accounted for around 50% of the popula-
tion, and the proportion of over-bent configurations was higher in
the capsid interior.

To characterize the local mobility of the genome inside the pack-
aged capsid, we computed local diffusion constants of each 10 bp frag-
mentofthe packaged DNA (Fig. 4i, right). The distribution showed two
populations, which, by plotting the radial dependence of the diffusion
constant (Fig. 4i, left), we associated with DNA fragments being away
from and in proximity to the protein capsid.

Local displacements of the DNA were analysed bothin the reference
frame of the capsid and the local helical frame (Extended Data Fig. 5b).
Radial and longitudinal mobility of the DNA were similar relative to the
capsid; however, when viewed in the local helical frame, the DNA was
more mobilein the direction transverse toitslocal helical axisin com-
parisonto that along the axis, opposite to the situationin straight DNA
bundles®. The computed diffusion coefficients were similar to those
(3 pm?s™) experimentally measured using a fluorescently labelled DNA
packaged into a T4 capsid®. The presence of packaged DNA reduced
the local diffusivity of water by 2.75 times (Fig. 4j). Notably, a similar
reduction was observed for Cl” ions (Extended Data Fig. 5c), whereas
diffusion of Na* and Mg?* was reduced by factors of four and eight,
respectively, which qualitatively resembles ion localization effects
predicted to occur in dense DNA systems®.

Protein-DNA interactions

Ina packaged particle, self-repulsion of the packaged DNA compels it
to expand radially outwards. This expansionis confined by the protein
capsid, of whichtheicosahedral symmetry mayimprint distinct struc-
tural features onto the outer layer of the packaged genome. In search
of such structural features, we visualized the outermost layer of the
packaged DNA, categorizing its parts according to their proximity to
the faces, edges and vertices of the capsid (Fig. 5a).



Experiment

(1]

All-atom

1

Experimental density (a.u.)

0.

60 symmetry axes

€ o v | 1.0
i
101 } : 0.8
TV
S A 1 =
] WERE 0.5
S 107F —DNA /]‘/\j\'\]\m,‘\,\‘ _E
. 101 ) F
Protein : \ 0.2
107°r ! ) [\ ’
— Protein (experimental) T 1 W,
L\ Y B
1 1 1 ! 1
1078 102 107" 107! 2.48 x 1071
q &Y
h i = 20F F -
12}
— o
] [ Fast E 15
» 10 [ Fast with twist =
g 1 Slow s
® [ Slow with twist 2 10
a S
Eid 51+ i 3
c i | s 5
YT
S b Mtembmidil 2, . .
a
0 100 200 300 0 200 0 0.1
Radial distance (A) Radial distance (A) Count

Fig.4 |Properties of packaged DNA. a,b, Average density of packaged DNA
determined by cryo-EMY (a) and cryo-EM:-like analysis of the all-atom MD
trajectory (b). c, Simulated (right axis) and experimental (left axis; in arbitrary
units (a.u.)) profiles of DNA density. d, Cryo-EM-like density analysis of DNA
configurations sampled by CG simulations of packaged particles shown,
fromleft toright, withincreasing degree of averaging. Replicas refer to
independent packaged configurations. e, Left, SAXS profiles of the DNA and
protein components of the all-atom model and experimental profile of an
empty capsid. Dashed lineindicates the DNA diffraction peak. Right, SAXS
curves for DNA configurations along the slow trajectory. f, Box plots of the
angle betweenthelocal axis of a10 bp DNA fragment and aradial vector versus
distanceto the capsid centre. Each box shows the quartiles of the dataset, blue
linedenotes median and whiskers aredrawn at1.5times theinterquartile range.

Usingalinethat connected neighbouring vertices to define the ori-
entation of each edge, we found that the outer DNA helices are most
likely to cross the capsid edges under a 45° angle (Fig. 5b, top), rarely
aligning with the edge or crossing normal toit. The icosahedral confine-
ment of the capsid produces occasional defects* in the outer layering
ofthegenome (Fig. 5b, bottom, and Extended Data Fig. 9), which mani-
fest as unoccupied spaces between neighbouring DNA helices. In its
entirety, the shape of the packaged DNA deviated significantly from
asphere (Fig. 5c and Supplementary Video 9). The DNA closer to the
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capsid vertices bulged outwards, protruding directly into the vertices.
Defining a coordinate system based on the five proteins that make up
each vertex, we observed a slight preference in the orientation of the
protruding loop (Fig. 5d). The base pairs of these loops were often
distorted or broken, with several instances of non-Watson-Crick base
pairs forming sustained contacts with the protein capsid.

The plot of averaged DNA density (Fig. 4c) showed that the dis-
tance between the outer DNA layer and the capsid was slightly smaller
than the average DNA-DNA distance near the faces of the capsid but
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was 2 A larger near the vertices of the capsid. The plots of the radial
water density near the capsid faces and vertices (Fig. 5e) indicated
the presence of water between the capsid and the outermost layer of
the genome. The water density exhibited well-defined undulations
along the radial coordinate, anticorrelating with the DNA density.
The water density inside the capsid was approximately 70% of the
bulk water density, congruent with the high density of the packaged
DNA. The protein capsid formed long-lasting contacts with the DNA
(Fig. 5f), most prominently with Arg131 and Argl42 (Fig. 5g) at the
inner surface of the capsid.

Todetermine the pressure inside the packaged capsids, we measured
the forces required to maintain the expanded configuration of the
packaged particle in the absence of the DNA (Fig. 5Sh and Supplemen-
tary Video 10; see Methods for details). Figure Siillustrates the results
of one such restrained simulation. Although the instantaneous pres-
sure exhibited large fluctuations, its average gradually converged toa
steady-state value. Moreover, the magnitude of the pressure fluctua-
tion depended on the spring constant of the restraints, whereas the
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average value did not. To verify convergence of the pressure data, we
repeated the pressure determination simulations using, as arestraint
target, aconfiguration taken from the same trajectory 50 ns before the
configurationused for the original pressure determination simulation
(Fig. 5j). Repeating the two sets of pressure calculation for another
three models of the packaged particle provided eight estimates of
the internal pressure (Fig. 5k). Within the resolution of our method
of pressure determination, we did not find a systematic dependence
of the internal pressure on the presence of twist during the packag-
ing process. Averaging over the 8 steady-state values resulted in the
internal pressure of the HK97 capsid at 21 + 2.0 bar, which is within
the range of experimental values, 20-60 bar, as measured for other
bacteriophages®*®~.

Conclusions

We presented acomputational approach to obtain complete all-atom
models of fully packaged virions enabled by a multiresolution



representation of DNA and proteins. Our computational reconstruc-
tion of abacteriophage virion led to several unexpected results. First,
our model predicted that genome packaging occurs through a loop
extrusion mechanism, which, by form, resembles the loop extrusion
processimplicated inlarge-scale genome organization’. This raises the
question of whether loop extrusion could be ageneral mechanism for
shaping DNA in dense environments. Furthermore, the 3D structures
of the packaged genomes varied substantially from one particle to
another because of distinct topological defects that emerge midway
through the packaging process. It remains to be seen whether such
differences in the genome structure could account for the heteroge-
neity of the genome ejection process**® or, more broadly, affect the
infectivity of individual virions.

Multiple all-atom simulations of fully packaged particles provided a
wealth ofinformation not easily accessible by other means. We found
that the packaged DNA gently pushes away the faces of the capsid,
reducing their fluctuations and the rate of water and ion transport
across and within the capsid. Electrostatic analysis of the all-atom MD
trajectories showed that the packaged particles have a neutral inner
core surrounded by a polarized protein shell. The physical proper-
ties of the packaged particles were insensitive to the presence of the
twist during the packaging process.

As with any structure prediction method, our multiresolution
approach has limitations that present opportunities for future devel-
opment. The action of the packaging motor can be represented more
accurately when new experiments uncover additional mechanistic
detail. The packaging simulations themselves can be performed even
slower, in stages that reproduce the natural maturation process of a
virus and using more detailed representation of DNA-capsid inter-
actions. The all-atom simulation methodology can be improved to
account for changesinthelocal electrostatic environment produced by
titratableresidues and for slow binding kinetics of divalent ions. Finally,
packaging DNA with less forceinto aflexible capsid with explicitions, a
more detailed description of friction and longer all-atom equilibration
will further increase the realism of our methodology.

Our multiresolution simulation strategy opens the door to obtaining
atomically precise, complete 3D structural models of multiple viral
species, potentially at different stages of viral infection. When applied
on an exascale supercomputer, our method will be able resolve the 3D
structures of large, pressurized viruses, including that of the herpes
simplex virus. The multiresolution approach canbe extended to other
types of viruses when combined with theinformation onthe secondary
structure of their genomes and their local affinity to the protein capsids.
Theall-atom structural models of fully packaged virions offer a possibil-
ity of finding reproducible structural features at the genome-capsid
interface or withinthe genome configuration. Indeed, we already saw
such featuresinthe outer layer of the HK97 genome, imprinted by the
icosahedral confinement of the capsid. The exploration of such features
asdrugtargets may offer physical meansto treat viralinfections, resist-
antagainst mutations in the viral genome sequence.
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Methods

All-atom MD simulations

All atomistic MD simulations were performed using a memory opti-
mized version of NAMD2.13b%°, the CHARMM36 parameter set® for
protein and DNA, the TIP3P model for water®” and a custom hexahydrate
model for magnesium ions® used along with the CUFIX corrections to
ion-DNA interactions®. A full set of CUFIX corrections®* was used where
specified. The use of permanent magnesium hexahydrate complexes to
represent Mg? ions prevented direct binding of Mg?* to DNA, in line with
previous findings®. Multiple time stepping® was used, whereby local
interactions were computed every 2 fs whereas long-range interactions
were computed every 6 fs. All short-range nonbonded interactions were
cut-off startingat 0.8 nmand completely cut-off by 1.0 nm. Long-range
electrostaticinteractions were evaluated using the particle-mesh Ewald
method® computed over a 0.21-nm-spaced grid with aninterpolation
order of eight. SETTLE®® and RATTLE® algorithms were applied to con-
strain covalent bonds to hydrogenin water and in non-water molecules,
respectively. The temperature was maintained at 300 K using a Lan-
gevin thermostat with adamping constant of 0.5 ps ' unless specified
otherwise. Constant pressure (NPT ensemble) simulations used aNosé-
Hoover Langevin piston’ with a period and decay of 1,400 and 700 fs,
respectively. Implicit representation of the capsid was realized using
the Grid-Steered MD”* feature of NAMD. Energy minimization was car-
ried out using the conjugate gradients method’. Atomic coordinates
wererecorded every 9.6 ps unless specified otherwise. Visualizationand
analysis were performed using VMD”® and MDanalysis™, respectively.
Unless specified otherwise, custom scripts for Tclinterpreter of VMD
were used in analysis of trajectories. Supplementary Table 1 provides
asummary of the all-atom MD runs performed.

Tiling electrolyte volume for solvation. A cubic volume of electro-
lyte about 3 nm on one side was first simulated for 30 ns in the NPT
ensemble. The last frame of the trajectory was used to build a much
larger volume of the electrolyte by copying and shifting the electrolyte
coordinates by a predetermined number of unit cell vectors. Because
Mg?* is modelled as a hexahydrate complex, water molecules of the
hexahydrates were wrapped across the periodic boundaries of the
unit cell before tiling. A typical solvation process included merging
thetiled electrolyte volume with the protein or DNA structure followed
by removal of water and ions that overlapped with protein or DNA.
Having a slight excess of ions in the tiled volume was instrumental to
obtaining atarget ion density after solvation.

Vacuum simulations. Vacuum simulations were performed to resolve
steric clashes between atoms. Unless stated otherwise, such simula-
tions were performed using a dielectric constant of 200, the long-range
electrostatic calculations (PME) switched offand aLangevin thermostat
withadamping coefficient of 50 ps™. To ensure the structural integrity
of themolecules of interest, non-hydrogen atoms of the molecules were
subject to anetwork of harmonic restraints and/or, inthe case of DNA,
external bonds enforcing base pairing (see respective sections for the
specific values of the parameters). Under such restraints, the overall
RMSD of the molecule was about 0.5 A.

All-atom simulations of empty HK97 capsid

Aninitial all-atom model of the HK97 capsid was constructed from the
structure of the asymmetric subunit*® obtained by X-ray crystallogra-
phy and cryo-EM (PDB identifier: 2FT1). First, the amino terminus of
each oftheseven proteinsinthe asymmetric subunit was extended to
includeresidues that were not resolved in the structure using amodel
oftheimmature asymmetric subunit (PDB identifier: 10HG)”. Note that
the N-terminal disordered tails of the capsid proteins (up to residue 103)
are cleaved during the maturation process and were, accordingly, omit-
ted from the model. The final proteinmodelincluded residues 103-383

for all capsid proteins. With crystallographically resolved atoms held
fixed, steric clashes were resolved by 1,200 steps of minimization.
Subsequently,amodel of the complete HK97 capsid was generated by
tiling the asymmetric subunit about the symmetry axes of the capsid.
Thetitratableresidueslocated ontheinner surface of the capsid, that
is, Asp136, Glu149, Asp173, Glu269, His283, Asp290, Glu292, Asp330 and
Glu348, were protonated*, which reduced the electrical charge of the
protein capsid to zero. Finally, Lys169 and Asn356 residues of adjacent
proteins were crosslinked using a custom patch (Supplementary Infor-
mation). Parameters for the atoms affected by the crosslinking were
obtained using the CGenFF server’.

The capsid was merged with a 64 x 64 x 64 nm?® tiled volume of
solvent with an excess concentration of ions. Water within 1.24 A and
ions within2.25 A of non-hydrogen atoms of the capsid were removed
from the system. lons were then removed frominside and outside the
capsid until the Na*, Mg?" and CI” concentrations were, respectively,
approximately 0.21, 0.005 and 0.3 mol kg inside and approximately
0.22,0.028 and 0.24 mol kg outside the capsid. At the end of the sol-
vation procedure, the system was electrically neutral and contained
27,484,866 atoms. Following 9,600 steps of energy minimization, the
solvated system was equilibrated in multiple stages (Supplementary
Table 2) of NPT simulations at 300 K. With non-hydrogen atoms of the
capsid subject to position restraints (k= 0.1kcal mol™ A %), a gradual
lowering of the Langevin damping coefficient from 50 ps™ (for 0.5 ns) to
10 ps™ (for 2.2 ns) and finally to 0.5 ps™* (for 18.8 ns) allowed water and
ions to equilibrate, bringing the volume of the system to equilibrium
inabout 10 ns. Next, position restraints on the protein were gradually
decreased in stages. First, the system was equilibrated for another
17.14 ns with the positionrestraints applied to allnon-hydrogen atoms
of the capsid (k= 0.01 kcal mol™A2). Then the restraints were lowered
(k=0.005 kcal mol™ A?) and simulated for 14.27 ns, after which, only
the Ca atoms of the protein were restrained (k= 0.005 kcal mol™ A?)
for12.01 ns. As a final step, the position restraints were further low-
ered (k=0.001 kcal molA?) for 4.7 ns, after which, the system was
run without any position restraints. The last 600 ns of the simulation
was performed using CUFIX corrections applied to acetate-ion and
amine-carboxylinteractions. A replica simulation of the empty capsid
wasbuiltand equilibrated following the same procedures, differing by
theinitial concentration of ions, 0.2 mol kg™ Na*, 0.005 mol kg Mg**
and 0.21 mol kg™ CI, both inside and outside the capsid. The equili-
bration schedule is further detailed in Supplementary Tables 2 and 3.

Multiresolution simulations of DNA packaging

DNA packaging simulations were performed using a previously
described multiresolution model of DNA, mrDNA””. The mrDNA model
was developed to reproduce experimentally determined properties of
DNAsuchasits persistence length and twist persistence length, as well
asthe pressureinaDNA array. Packaging simulations were performed
using anin-house-developed, GPU-accelerated code, atomicresolution
Brownian dynamics (ARBD)’®. All simulations used a Brownian dynam-
icsintegrator with simulation-dependent time step, atemperature of
291K and a nonbonded cut-off value of 4.1 nm or 5 nm for the fast or
slow packaging simulations, respectively. Although the smoothening of
the free-energy landscape makes processes occur much fasterina CG
simulation than inan equivalentall-atom simulation’, the durations of
our CG simulations are reported throughout the article simply as the
product of the time step and the number of elapsed steps.

Grid-based representation of the capsid enclosure and the pack-
aging motor. For our DNA packaging simulations, the protein capsid
containing an embedded packaging motor was represented usinga3D
grid-based potential. Before generating such a potential, asmall patch
of atoms was cut out from the all-atom structure of the capsid (PDB
identifier: 2FT1)*° at one of the icosahedral vertices of the capsid. An
all-atom model of an HK97-family portal protein (PDB identifier: 3KDR)
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was manually docked into the vertex opening. A 2.06 A-resolution
steric potential representing the capsid and theembedded portal was
generated from the all-atom model using the volmap tool of VMD?, with
each non-hydrogen atom replaced by a spherical Gaussian density of
width equal to the nominal atomic radius multiplied by a scaling fac-
tor of 2. Tomodel the action of the packaging motor, alinear potential
ramp was added to the cylindrical region (15 A in radius and 63.7 A in
length) inside the portal, asillustrated by the inset in Fig. 2a. To avoid
entrapment of DNA beads within local wells of the capsid potential,
aspherical Gaussian kernel of 1 A width was linearly convolved with
the density of the capsid, blurring the density and ensuring that the
derived potential acting on DNA beads is smooth and continuous. This
density was multiplied by a scaling factor of 0.5 kcal mol ™ to obtain the
implicit potential for the CG packaging simulations. To the best of our
knowledge, there is no experimental evidence suggesting that specific
residues of the HK97 capsid have a crucial role during the packaging
process. Experiments performed using asimilar virus, phage-A, found
that packaged DNA forms random contacts with the capsid®?, which
suggests thatrepresenting the capsid asasteric, chemically inert bar-
rier is areasonable approximation.

Initial configurations of DNA genomes. Before packaging, initial
configurations of the 39,732 bp HK97 genome were prepared as follows.
The DNA wasinitially arranged in the shape of a cylindrical 3D spiral that
did not contain knots. For fast packaging simulations, the spiral was
108 nminlength and 85 nmin diameter, and the DNA was equilibrated
for 5 us (100 fstime step) inthe absence of the capsid potential at 4 bp
per1beadresolution. Theresulting configuration was placed with one
end 28 nm away from the capsid portal having the portal and spiral
axes coinciding. The terminal DNA bead nearest to the capsid was then
pulled into the portal by a harmonic potential, (k= 0.1kcal mol™ A%
during a simulation lasting approximately 0.5 ps. For slow packaging
simulations, the DNA genome was initially placed in the shape of a
spiral filling a 254-nm-long annular cylinder with 50 nm and 100 nm
inner and outer radii, respectively. Four replicate simulations were then
performed at10 bp per bead resolution to relax the configuration, each
lasting 2.5 ms (250 fs time step). Each DNA configuration was then geo-
metrically transformed to orient the DNA fragment near one of itsends
along the portal axis and place that end 11.5 nm away from the portal
entrance. Those configurations were then used to constructa4 bp per
2 bead model using the mrDNA protocol”. The conformations of the
newly added orientation beads were relaxed during a40 ns simulation
(40 fstime step), whereas the DNA contour beads were each harmoni-
cally restrained to their initial coordinates (k =10 kcal mol™ A2). The
DNA end nearest to the portal was then brought to the portal entrance
during another 40 ns simulation using a harmonic restraint potential
(k =1kcal mol™ A2), one such configuration is shown in the inset in
Fig. 2a. Four additional 4 bp per 2 bead relaxation simulations were
performed starting from the mirror-image configurations of the states
obtained at the end of the four 10 bp per bead relaxation simulations,
which provided atotal of eight initial conditions for the slow DNA pack-
aging simulations.

DNA packaging simulations. The genome packaging simulations were
performed at either 4 bp per 2 bead resolution with 2 magnitudes of
the packaging force, 280 pN (fast) or 55 pN (slow). Insome simulations,
additional torque was applied to the beads located within the portal
regiontorotate the DNAright-handed with respect to the axis directed
fromthe portal to the capsid centre by either -359° (fast with twist) or
14° (slow with twist) per turn of the packaged DNA.

The simulations of DNA packaging with twist were performed using
acustombuild of ARBD that placed a harmonic potential on the angle
formed by the vector connecting each DNA bead in the portal region
andits orientationbead, projected into the plane defined by the portal
axis, and areference vector. The reference vector was given by arotation

of avector within a plane normal to the portal axis by an angle 6, that
depended ontheidentity ofthe DNA bead and on whether the genome
was packaged fast or slow. For fast packaging simulations, the spring
constant was 500 kcal mol™ radian™ and the rest angle was specified
(in degrees) as 6, = (i,,/10.4) — (d/34) x 14, where i, is the index of the
base pair corresponding to the DNA bead, and d is the position of the
bead projected along the portal axis, given in A. For slow packaging
simulations, the spring constant was 10 kcal mol™ radian™and the
rest angle was specified (in degrees) as 0, = i, (360/10.4 +14/10.0).
The first term accounts for the natural twist of the DNA, whereas the
second term effectively rotates the DNA by 14° every 10 bp (one turn
of a DNA duplex). The 14°-per-turn rotation of DNA was previously
reported for the ¢29 portal*.

The fast packaging simulations were performed using a100 fs time
step and lasted around 100 ps, whereas the slow packaging simula-
tions were performed with a smaller 40 fs time step and lasted about
1.1 ms. Completion of the slow packaging simulations required about
3 months of continuous runs using the GPU nodes of the TACC Fron-
tera. After completion of the packaging simulations, the systems were
equilibrated for another 200 ps, at the same resolution as packaging,
thatis, 4 bp per 2beads. This additional equilibration was essential for
the fast packaging simulations with high levels of twist, as it allowed
the superhelical twist accumulated from the packaging step to equili-
brate. Intotal, 16 slow packaging simulations were performed, 8 each
with and without twist; and 4 fast packaging simulations, 2 each with
and without twist.

All-atom model of packaged HK97

All-atom model of the genome. After packaging and equilibration
of select capsids, the multiresolution protocol” was used to map the
coordinates of the DNA to a higher resolution, 2 beads per 1 bp, model.
The higher-resolution model was equilibrated for 400 ps (slow) or1 s
(fast), using a smaller time step of 20 fs. The fast model was simulated
foranother1psatlbead per1bpresolution. Coordinates from the last
partofthefinal CGtrajectory were averaged for mapping to an atomis-
ticmodel as specifiedinthe mrDNA protocol”. First, the trajectory was
aligned to minimize the RMSD with respect to the final configuration.
Stepping backwards through the trajectory, we selected a continuous
fragment of the trajectory with individual DNA configurations and an
RMSD with respect to the final configuration lower thanal A threshold.
The coordinates from that point onwards were averaged, and splines
were fit through these to facilitate mappingto an all-atom structure of
the DNA. The nucleotide sequence of the resulting all-atom DNA model
matched the experimentally determined sequence of the 39,732 bp
HK97 genome®°. For accurate mapping of atomic coordinates and to
prevent any ring piercing clashes from the mapping procedure, the
sugar base of the DNA backbone was shrunk in size by a scaling factor
of 0.25.

Implicit capsid potential for all-atom simulations. For atomistic
simulations, animplicit representation of the capsid was designed
to confine DNA while permitting the exchange of water and ions. To
obtain the optimal grid potential using the volmap tool of VMD, with
the‘-weight mass’ option turned on, the resolution of the grid and the
width of the Gaussians approximating atomic densities were tuned.
The resulting grid-based model of the capsid was tested in a vacuum
simulationinwhich anall-atom model of atwo-turn DNA fragment was
subject to a 20 pN force pressing the DNA duplex onto a small patch
of the capsid grid (Extended Data Fig. 10). The specific value of the
force was chosen to match that produced by the internal pressure of
20 bar inside a bacteriophage virus. For reference, an identical simu-
lation was performed using a fully atomistic representation of both
the DNA and the capsid. The parameters of the grid representations
of the capsid were varied until a match with all-atom representation
was reached with respect to the equilibrium DNA-capsid distance.



See the caption of Extended DataFig. 10 for more detail. The resulting
grid-based density of the capsid had a resolution of 1.4 A, and the atomic
densities were approximated using Gaussians of the nominal atomic
radii. For subsequent grid-steered MD simulations, the grid-based
density was converted to agrid-based potential using ascaling factor of
50 kcal mol™ A™. Theinstantaneous grid-based forces were computed
using a cubic polynomial interpolation in the three dimensions.

Initial relaxation of the genome. A short2,500-step minimization with
backbone atoms fixed was performed in vacuum to bring each DNA
nucleotide to its nominal size. Subsequently, another minimization
of 4,500 steps in vacuum was performed without having any atoms
fixed, but under an elastic network of restraints applied to DNA, as
previously described®. At the same time, the grid-forces functionality
of NAMD”' was used to apply external forces from the implicit repre-
sentation of the capsid to non-hydrogenatoms of the DNA, which pre-
vented the DNA from expanding beyond the boundaries of the capsid.
Using the extrabonds feature of NAMD, additional harmonic forces
(k=10 kcal molA2) were applied to pairs of atoms that formed
Watson-Crick hydrogen bonds between all base pairs of the genome.
The DNA was simulated in vacuum for 21 ns in the NVT ensemble,
producing an initial all-atom configuration of the 39,732 bp genome
consisting of 2,523,065 atoms. In total, six such all-atom structures
were constructed, three each for packaging with and without twist.

Solvation of the genome. To solvate the genome, we prepared a
64 x 64 x 64 nm° tiled volume of solvent containing 1 mol kg™ NaCl
and 1.2 mol kg™ Mg?" hexahydrate; the solvent carried a net positive
charge. This ion composition was chosen to exceed the equilibrium
concentration ofionsinatight DNA bundle of approximately the same
average DNA-DNA spacing™. After addition of the solvent, water and
ions overlapping with the atoms of DNA were removed, setting the
target concentration for individual ion species by tuning the cut-off
distance for the ion removal. For the slow model of packaged DNA,
the desired ion composition of 0.75 mol kg Na* and 0.5 mol kg™ Mg**
(ref. 50) was obtained by removing water molecules with oxygen atoms
within 2.3 A of any non-hydrogen DNA atom, Na* ions within 3.7 A from
the DNA, magnesium hexahydrate complexes with Mg?" atoms within
6.855 Aof DNA and Cl-ions within 20 A of the DNA, which ensured that
no Cl” ions were initially present inside the volume occupied by pack-
aged DNA. For other DNA models, the above cut-off parameters were
slightly adjusted (by less than 5%) to obtain the desired ion concentra-
tions. The ions located outside the volume occupied by the genome
were randomly removed such that the final concentrations of ionic
species outside the capsid were 0.2 mol kg™ Na*, 0.005 mol kg™ Mg?*
and 0.21 mol kg™ CI". Theregions interior of and exterior to the capsid
wereidentified using the ‘measure volinterior’ functionality of VMD®,
The resulting solvated systems contained about 26 million atoms.

Equilibration of the solvated genome. The solvated genome struc-
ture was equilibrated in a series of simulations described in detail
for all systems in Supplementary Tables 4-9. Below, we illustrate the
procedure using the slow model as an example. After 2,500 steps of
energy minimization, the system was simulated in an NPT ensemble
for 1.64 ns with all non-hydrogen atoms of the DNA harmonically
restrained (k = 0.1 kcal mol™ A2) to their initial coordinates and coupling
each non-hydrogen atom to the Langevin thermostat with a damp-
ing coefficient of 50 ps™. During this and subsequent simulations, a
grid-based potential derived from the atomic structure of the capsid
was applied on all non-hydrogen atoms of the DNA to confine it within
theinner volume of the capsid, whereas water and ions were allowed to
move in and out of the volume occupied by the packaged DNA. Doing
sogreatly reduced the possibility of having an out-of-equilibrium Mg**
configuration within the genome that could be caused by the low per-
meability of the protein capsid to Mg?*. After abrief 0.25 ns simulation

with the Langevin damping coefficient decreased to 10 ps ™, and another
8.37 ns with the damping coefficient decreased to 0.5 ps™, the system
was simulated for 3.8 ns with the spring constant of the position
restraints lowered to 0.01 kcal mol™ A2. The position restraints were
then removed and the system was simulated for 29.13 nsin the NVT
ensemble under the action of the confining potential. At all stages of
the solvent equilibration procedure, the integrity of all Watson-Crick
base pairs of the DNA was enforced by means of external harmonic
potentials (k=50 kcal mol™'A™).

Addition of the atomistic protein capsid. Toreplace the implicit rep-
resentation of the capsid with a corresponding all-atom model, ions
residing within the volume to be occupied by the capsid were removed
duringa2 ns NVT simulation. During this simulation, allnon-hydrogen
atoms of the DNA were harmonically restrained (k = 0.1 kcal mol™ A™2)
to their coordinates from the end of the previous implicit capsid run,
and agrid-based potential was applied only toions to expel them from
the volume tobe occupied by the capsid. Theion-expelling grid-based
potential was constructed by first creating a 2 A resolution atomic
density of the protein capsid, using the volmap tool in VMD with a
scaling factor of 2, and then rescaling the grid cell size t01.97 A. This
led to the density corresponding to the protein shrinking radially
inwards by about 4.5 A. The resulting density grid was scaled by a factor
0f100 kcal mol™ Da™ to produce an external potential. A very small
number of ions that, despite the expelling potential, remained in the
volume to be occupied by the explicit capsid were manually moved to
the region outside the capsid. At the end of this ion-expelling proce-
dure, the volume to be occupied by the capsid was devoid of ions, which
necessitated only the removal of water moleculesinthat areabefore the
addition of the atomistic capsid, which was done as described below.

Next, the atomic structure of the genome was extracted from the
last frame of the simulation described in the previous section and
merged with the all-atom model of the capsid. Asmall number of DNA-
protein clashes was resolved in a1 ns vacuum simulation in which all
non-hydrogen atoms of the DNA located within15 A of the protein were
harmonically restrained (k = 0.1kcal mol™ A™) to their initial coordi-
nates, whereas the coordinates of all other non-hydrogen atoms of
the DNA were constrained to their initial positions using the fix atoms
protocol of NAMD. At the same time, the protein capsid was subject
to an elastic network of restraints (k = 20 kcal mol™ A™2) applied to all
atom pairs located within 6 A of each other. This vacuum equilibration
simulation was performed using a Langevin damping coefficient of
500 psapplied to all non-hydrogen atoms. The simulation success-
fully removed all DNA-protein clashes, perturbing coordinates of the
protein atoms by less than 0.7 A, with the average protein RMSD with
respect to the crystal structure coordinates being just 0.2 A. The result-
ing DNA-protein system was merged with the solvent configuration
obtained at the end of the ion-expelling simulation. Water molecules
located withina2.5 A of non-hydrogen atoms of the protein capsid were
removed. Steric clashes between the protein and the ions were identi-
fied, and the ion coordinates were adjusted to remove such clashes,
making sure the ion concentration inside and outside the capsid was
not disturbed. A small number of persistent clashes with Mg hexa-
hydrates were removed by shrinking the size of the hexahydrates by
0.75 followed by a 2,500-step minimization. A similar procedure was
performedto buildinitial models of all packaged particles. Details are
described in Supplementary Tables 4-9.

Equilibration of the complete all-atom models. The DNA-protein-
solvent systems were next equilibrated in the NPT ensemble as
detailed in Supplementary Tables 4-9. Below, we illustrate the equi-
libration process using the slow model of packaged DNA as an exam-
ple. The initial equilibration was carried out with position restraints
(k=0.1kcal mol™ A?) applied to all non-hydrogen atoms of the pro-
tein and DNA, extra bonds applied to preserve the DNA base pairing
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(k=10 kcal mol™ A and couplingall non-hydrogen atoms of the system
toaLangevin thermostat with a damping coefficient of 50 ps™ for the
initial 3.17 ns, 10 ps™ for the next 0.4 ns and 0.5 ps for the remain-
ing 21.75 ns. Following that, the position restraints on the DNA were
removed and the system was simulated for 14.88 ns while keeping the
restraints enforcing the DNA base pairing and the position restraints
on the capsid. Then, the position restraints on the non-hydrogen
atoms of the protein were lowered to 0.01 kcal mol™ A2 for 13.53 ns
and then to 0.001 kcal mol™ A for another 12.69 ns. Next, position
restraints (k = 0.001 kcal mol™ A2 were applied only to the backbone
atoms of the protein for 8.19 ns and then only to the Ca atoms of the
protein (k= 0.001 kcal mol™ A ?) for 8.57 ns. The spring constants of
the latter restraints were then lowered to 0.0001 kcal mol™ A for the
next 11.8 ns along while the spring constant of the DNA base pairing
restraints was reduced to 1 kcal mol™ A2 For the next 22.72 ns, the
system was simulated without any position restraints applied to the
protein, whereas the strength of the DNA base pairing restraints was
reducedto 0.1 kcal mol™ A2 Following that, the system was simulated
without applying any restraints to either protein or DNA for 886.27 ns.
These steps are described in Supplementary Table 4.

Other all-atom models of packaged capsid were constructed and
equilibrated using similar procedures (see Supplementary Tables 5-9
for details). Some of the fast models were equilibrated without applying
the NBFIX corrections to acetate-cation and amine-carboxylinterac-
tions®, whereas the NBFIX corrections for the interactions involving
DNA phosphates® were present in all simulations. The application of
these additional NBFIX corrections slightly increased the gaps between
protein interfaces and slightly increased the rate of water transport
through the capsid (Fig. 3h).

Common procedures for structure analysis

Unless specified otherwise, the ‘measure fit’ command of VMD was
used for alignment of structures before RMSD calculations, using
coordinates of atoms resolved in the crystal structure. Analyses that
required local alignment of smaller subunits, for example, per residue
RMSD calculations (Fig. 3e), were performed by first aligning all 12
pentameric subunits (one is shown in Fig. 1h) to a chosen reference
pentamer using VMD measure fit functionality. After the alignment,
the RMSDs of individual residues were computed with respect to the
crystallographic coordinates. The RMSDs were then averaged individu-
ally for each of the seven protein locations in the asymmetric subunit
Fig.3e, with each type appearing five times in a pentameric subunit.

Capsid deformation calculations (Figs. 1b and Fig. 3b) were per-
formed onasupercomputer using a Python-based framework, whereby
the calculations for every capsid symmetry transformation were dis-
tributed over multiple nodes and the computations per transformation
were multi-threaded across multiple CPU cores on the respective node.
MDAnalysis™ was used to first load the trajectories one frame atatime,
whereafter a global alignment of the capsid was performed using the
Newton-Raphson quaternion and an adjoint matrix method®. This
workflow was validated against the results of the VMD measure fit com-
mand. The atomic density profiles were then computed by averaging
over 4 x 4 nm? centred sections connecting the ten pairs of opposite
faces or seven pairs of opposite vertices.

To characterize steady-state RMSF of the capsid proteins (Figs. leand
Fig.3d), the average CoM coordinates of each of the 420 capsid pro-
teins were calculated over the last 50 ns of the MD trajectory. For each
protein, the RMSF was then measured over that time interval relative
to the average CoM coordinates, sampling instantaneous configura-
tions every 48 ps. The CoM coordinates of a protein were calculated
using the coordinates of all Ca atomsresolved in the crystal structure.
The RMSF values were then averaged over 60 protein copies for each
proteinlocation within the asymmetric subunit. Before displacement
calculation (Fig. 3f), protein coordinates were averaged over the last
40 nsof the corresponding MD trajectories (slow and empty), sampled

every 48 ps. The displacement was computed as per-residue RMSD of
the two average structures.

Radial plots of average ion concentration (Figs. 11 and Fig. 3g) or
DNA density (Fig. 4c) were obtained by averaging ten 4 x 4 nm?centred
sections connecting the ten pairs of the twenty opposite faces of the
capsid (face symmetry axis) or six pairs of the twelve opposite verti-
ces of the capsid (vertex symmetry axis) and over the last 48 ns of the
respective MD trajectory.

AlISAXS profileswere calculated using Crysol®. Base-pair-level char-
acterization of the packaged genome structures was carried out using
Curves+ (ref.86) and the standard reference frame for the description
of nucleic acid geometry®.

Cryo-EM-like and TEM-like images of the simulated structures
Thelast 500 ns of the slow all-atom MD trajectory was sampled every
50 ns, rotating the genome and the protein capsid according to each
ofthe 60 icosahedral symmetries. The volmap plugin of VMD was used
to produce a volumetric grid of the DNA and protein atomic density
with a resolution of 2.5 A, averaging over both simulation frames and
the symmetry axes. The volmap plugin was similarly used to produce
2.5 A resolution maps of the CG DNA mass density of each CG capsid
genome, averaging over the equilibration portion of each trajectory
withastride of 40 ns. Maps were produced with and without averaging
over the symmetry axes of the system. The 2D imagesin Fig.4a,b were
produced by averaging a 6-nm-thick slab of the density passing through
the centre of the capsid, then linearly mapping the density from white
toblack (4-7 Da A®). For CGimages, the repulsive regions of the capsid
potential are depicted using a semi-transparent blue overlay.

Individual TEM-like images (Extended Data Fig. 6b) were obtained
for CG trajectories from the maps without symmetry, averaging by
selecting a normal vector, finding the coordinate of each 3D voxel in
the plane corresponding to the normal vector and binning the voxels
by those normal coordinates with 2.5 A resolution and summing the
densityineach bin. Theimages were then produced from the projected
density by linearly mapping the summed mass density between 200
and 1,600 Da A%, from white to black.

Calculation of diffusion constants

Thelocal diffusion of the DNA genome (Fig. 4i) was characterized using
the following distance histogram fitting procedure®, First, the CoM of
each10 bp DNA fragment was recorded for the last 288 ns of the equi-
libration trajectory, sampled every At = 0.48 ns. Next, displacement
of each fragment over that time interval was computed, producing a
distribution of instantaneous displacements. The latter was fit by the
probability distribution describing diffusion:

2
p(r,At)d’r= 575 €4Da¢ (4T %dr),

1
(4mDA?)

where a particle starting from the origin finds itself in the element of
volume defined by rand r + drafter time At with the probability p(r, At).
Thefityielded an estimate for the diffusion coefficient, D. To evaluate
local diffusion of DNA fragments along specific axes (Extended Data
Fig. 5b), the 3D displacements were projected along the respective
axes before constructing the corresponding displacement histograms.

Thelocal diffusion constants of water and ions (Fig. 4j and Extended
DataFig. 5c) were computed using the Einstein’s relation. For water dif-
fusion, coordinates of the water oxygen atoms were recorded over the
last 0.96 ns of the equilibration trajectory, sampled every 9.6 ps. The
meansquared displacement values were computed over halfthe total
number of non-overlapping time lags. Each diffusion coefficient was
calculated as the slope of alinear fit to the mean squared displacement
versus timelag dependence, using the first 0.24 ns of the dependence
for the fit. To obtain a radial distance dependence, the average radial
coordinate was computed over the first 0.24 ns of each water trajectory.



Aradial bin size of about 13.5 A was large enough to obtain a radial
dependence and shortenough to get good resolution and statistics. To
characterizeion diffusion, ion coordinates were collected over the last
48 ns of the equilibration trajectory, sampled every 9.6 ps. The radial
averaging was done using a binsize of10.4 A. All other procedures were
the same as for the water diffusion calculations.

Volumetric analysis

The measure volinterior®? functionality of VMD was used to classify
allregions of the system asinterior, exterior or boundary with respect
to the protein capsid. A closed (pore free) quicksurf representation
of the protein capsid was generated using VMD by setting the radius
scalingto2.8, theisovalueto 0.5 and the grid spacingto1.5. The raytrac-
ing algorithm used 32 rays for every coordinate frame. The boundary
voxels were then eliminated by using the skeletonize algorithm?®® of
the scikit-image Python package, ensuring that all parts of the system
were classified as interior or exterior.

Electrostatic model of a packaged particle

The model (Extended Data Fig. 2g) assumed that all charge inside the
capsidisdistributed at the inner surface 0of 29.5 nmradius sphere, which
isenclosed by a2.5 nm thick spherical shell of dielectric medium rep-
resenting the protein. Outside the dielectric medium, a Debye-Hockel
description of the electrostatics was adopted with a Debye length of
6.39 A. In addition to the measured charge inside the capsid, an addi-
tional charge g...., was placed on theinner surface of the dielectric, with
acompensating charge placed onthe outer surface. Under this model
the potential decaysrapidly outside the capsid and the potential inside
isuniform. Hence, the potential difference betweeninside and outside
is taken as the potential inside.

Internal pressure calculations

Starting from a chosen frame of an all-atom equilibration simulation
ofafully packaged capsid, we created a corresponding all-atom model
of an empty capsid by removing the DNA and resolvating the capsid
interior with bulk-like solvent (0.2 mol kg™ NaCl and 0.005 mol kg™
MgCl,) using the tiling method. After resolvation, small differences in
the protein coordinates (order of a few angstroms) resulted in initial
differencesin the water density inside and outside the capsid, thereby
leading to different values of the pressure at the beginning of these
simulations. Following 6,000 steps of minimization, the system was
equilibrated restraining all non-hydrogen atoms of the capsid to the
coordinates taken from the packaged capsid equilibration (Supple-
mentary Video 10). For each frame of the restrained equilibration, the
pressure was calculated by first determining the harmonic force applied
oneach atomofthe capsid fromthe atom’s displacementrelative toits
restrained coordinate (Fig. 5h). Theradial projection of the force oneach
atom was then divided by the area of a sphere with radius equal to the
radial coordinate of the atom. These values were then summed up over
allrestrained atoms of the capsid to give aninstantaneous pressure. The
instantaneous pressure values were averaged over the restrained equi-
librationtrajectory. Similar equilibrium pressure values were obtained
when only Ca atoms of the capsid were restrained. For each model of
the packaged genome, the pressure calculation simulations were per-
formed using two instantaneous configurations taken at the end and
50 nsbeforethe end of therespective equilibrationtrajectory (Fig. 5j,k).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

CG packaging trajectories and select all-atom MD trajectories with
water molecules removed have been depositedinthelllinois Data Bank

under accession code IDB-4930709 (ref. 90). The following structures
were used from the PDB: 3KDR, 2FT1 and 10HG. Source data are pro-
vided with this paper.

Code availability

Thefiles needed to setup CG packaging simulations and select all-atom
MD simulations have been deposited, along with select analysis scripts,
in the lllinois Data Bank under accession code IDB-4930709 (ref. 90).
Remaining analysis scripts are available upon reasonable request.
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Extended DataFig.1|Structure and fluctuations ofempty HK97 capsid.
a,RMSD of the entire capsid fromitsinitial coordinates during all-atom
equilibration simulations. For the first 70 ns, parts of the system were subject
torestraints, as detailed in Methods and Supplementary Table 2. The image on
therightshowsone ofthe 60 asymmetric subunits with residues resolved in
the crystal structure showninblueand modeledinred. b, Arrangement of the
asymmetric subunitsintoanicosahedron capsid (left). Modeled residues are
shownred. Therightimage details the subunit, consisting of seven proteins.

¢, Distribution of individual proteins’ average RMSD grouped according to

the proteinlocationin the asymmetric subunit. The distributions were
computed over thelast 38 ns of the equilibration trajectory. Colors are defined
inb.d, Average per-residue RMSD of anempty capsid from the crystallographic
coordinates as afunction of the residue number. RMSD of modeled residues
isnotshown.e, Cartoonrepresentation of resolved regions of proteins1
(representative for proteins1to 5), 6 and 7 colored according to their average
RMSD. f, Average RMSF of individual proteins according to their location.
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The RMSF values were computed over the last 100 ns of the equilibration
trajectory. Error bars depict SD over n = 60 copies of the protein. The capsidis
shown (right), withindividual residues of the proteins colored by their average
RMSF. g, Cumulative variance of the principal components (PCs). PC analysis
was performed using CoM coordinates of each of the 420 capsid proteins and
arepresentative 150 ns fragment of the free equilibration trajectory. (Top)
Fractional cumulative variance as afunction of the number of PCs, ordered by
eigenvalue from highest to lowest. (Bottom) Same, shown only for the top
twenty principal components. h, Projections of the top three PC,shown as
vectors drawn froman average structure. Imagesin (i), (i) & (iii) show
projections of the first, second and third PCs, ordered by eigenvalue from
hightolow, each shown from four different perspectives. The top three PCs
account forabout23,12and 6% of the total variance, respectively. Vector
magnitudes drawn are based on the normalized eigenvector multiplied by the
corresponding eigenvalue and then multiplied by a factor of ten, to facilitate
visualization.
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Extended DataFig.2|Electrostatic properties ofempty and packaged
capsids. a, lonexchange rate during equilibration of the empty (left), “slow”
(center) and “slow with twist” (right) packaged capsids. lon exchange data were
collected every10 ns. The lines shown were obtained from the datausing a
Savitzky-Golay filter witha 110 ns window. b, Radial profiles of the electrostatic
potentialaveraged over 50 ns (empty; left) or 100 ns (slow and slow with twist;
center and right) windows. The electrostatic potential was computed using
VMD PMEpot plugin®. ¢, Image depicting the final result of an algorithm used to
selecttheinterior and exterior of the capsid, see Methods for details. d, Total
chargeinside the protein capsid in the units of proton charge. Traces are shown
with (solid lines) and without (dotted lines) inclusion of the protein capsid in
the analysis. Water molecules were neglected in the analysis. e, Charge inside
aspherical volume centered at the center of the capsid as afunction of the
sphere’sradius. Datawere averaged over thelast 100 ns of each simulation.
Forreference, the density of C,atomsis shown (blue histogram; right axis).

f,Electrostatic dipole moment of anasymmetric subunit projected along the
radial axis. At each frame, the moment was averaged over all sixty copies of the
asymmetric subunit. For reference, the blue line shows the average dipole
moment of the residues resolved inthe X-ray structure. g, Theoretical model
used to estimate the electrostatic potential across the capsid (see Methods).

h, Average potential difference between solvent occupied regionsinside and
outside the capsid as computed using PMEpot (circles) and from afit using the
theoretical model (dashed lines). In contrast to analysis shownin Fig. 3i, j, the
PMEpotaveraging was restricted to the solvent region within the capsid. That
was done by blurring the mass density of DNA nucleobases via convolution with
alnmwidegaussiankerneland thenselecting regions where the blurred density
was less than 0.05 Da A% The fit was performed by minimizing the MSD between
predicted and measured data points, yielding the following values for the
parameters of the model: Gy, empty = 248.4 €, Gexera siow = 404.9 €, and g,,,, = 6.53.
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Extended DataFig. 3| Properties of packaged genome configurations.

a, Sixteen genome configurations obtained by independent coarse-grained
packaging simulations performed under the same 55 pN packaging force in the
absence of twist (left) and with a 14°-per-10-bp twistimposed by the packaging
protocol (right). Each genome configuration has aunique interface between
theearly- (blue) and late-packaged (red) DNA domains. b, Statistical properties
ofthe packaged DNA configurations. Each plot depicts the distributions of a
locally-defined metric for beads assigned in five different radial ranges, each
witha5nmwidth, except theinnermost group, whichincludes all beads within
7.5nmofthe capsid center. The distributions are semi-transparent and are
provided for each packaged capsid. The mean of each distributionis shownas

asolid horizontal line segment. The first three columns of plots characterize the
anglebetween the localtangent at each bead and the spherical basis vectors at
thebead’slocation. Thelast three columns depictlocal curvature, toroidal
order?'and nematic order. The fast packaged capsids exhibitsignificant
differencesaccordingto several of the metrics. For example, the fast packaged
DNA located within 7.5 nm of the capsid center points away from the portal by 5°
onaverage, whereas the slow packaged DNA points towards and away from the
portal withroughly equal likelihood. Compared to the slow packaged genomes,
the fast packaged DNA has aslightly higher average curvature, lower nematic
order, and, especially when twist was notimposed, greater toroidal order.



Article

per bin (0.25 A)
6 0 2 4

Proteins
4

RMSD w.r.t. crystal structure

T T T] 101 Slow
2-3-4-5 | _
<
0o
210 Slow with twist
x
1 1 1 ' .
270 280 290 300 200 300 383 Oyg 200 300 383
= Resid Resid
o 4
= _— .
o (o] Average deviation from empty capsid
>
S . .
3 4 Slow 4 Slow with twist
z —_~
o < 21 | 21
O 270 ’ Fast (0.8ps) Fast with twist (0.8us) -—— !
270 280 290 300 280 290 300 S
0 2 4 0 . . . . . . -
: - N SR H £ 0lea 200 300 383 104 200 300 383
3]
300 2 Fast with twist
4.
L
290 290 a
2.
280 280
Fast with twist, ol . - . 0 r r .
2704 Tes Son @A) 7047 shot(@3us) 104 200 300 383 104 200 300 383
270 280 290 300 270 280 290 300
CoM (crystal structure) Resid
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a, Trajectory-average distance fromthe center of the capsid to the CoM of

each capsid protein versus the corresponding crystal structure value. For each
proteinlocation, the symbol shows the value averaged over the 60 copies of the
protein, whereas the histogram (top axis) shows the distribution amongthe
protein copies. Dataare shown from the last 50 ns of each trajectory, sampling
coordinates every 0.192 ns. b, Average per-residue RMSD of the “slow” and
“slow with twist” capsids from the crystallographic coordinates as afunction of
theresidue number. RMSD of modeled residues is not shown. The averaging

was doneover thelast105 ns of each trajectory, sampling coordinates every
0.192 ns. The proteins atlocations 1to Sexhibit consistent patterns (left), and
the average of these datais depicted on the right (black). ¢, Average per-residue
displacement of the packaged capsid withrespect to the empty capsid.
Deviation of modeled residues is not shown. The averaging was done over the
last40 nsofeach trajectory, sampling coordinates every 48 ps. The mean and
standard deviation over proteinlocations1to5areshowninblackand grey,
respectively.
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Extended DataFig. 5| Supplementary analysis of the all-atom MD
trajectories. a, Location of water passages (blue molecular surface) withinthe
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averaged over the 60 icosahedron subunits, for the empty (left) and packaged
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inthe water passages are observed inside the region confined by the yellow
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adjacent protein subunits. b, Diffusivity of DNA helices plotted as a function of
theirradial distance from the capsid’s center. Error barsreflect standard
deviationacrossall points within each radial bin. Datashownin the upper
panelswere obtained in the reference frame of the capsid whereas those in
thelower panels were obtained in thelocal helical reference frame. The insets
schematically illustrate the motion characterized by the corresponding
diffusion coefficients. ¢, Radial distribution of ion diffusivity (left axis).
Symbols correspond to the simulation models: empty circles for “empty”,
yellow diamonds for “slow with twist” and green squares for “slow”, respectively.
Theradially averaged protein density (right axis) is shown for the packaged
(filled distribution) and empty (dashed line) simulation trajectory.
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Extended DataFig. 6 | TEM-like analysis of packaged HK97 genomes. obtained from the coarse-grained packaging simulations was projected along
a, TEMimages of HK97 viral particles. b, TEM-like images of computationally several axes for several packaged genome configurations. The capsid density
packaged HK97 genomes. To make the TEM-like images, DNA mass density was notincluded in the analysis. Imageinareproduced fromref.17.
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Extended DataFig.7|Properties of packaged genomes accordingto
all-atom MD simulations. a, Simulated profiles of DNA density for the four
microsecond-longall-atom MD trajectories. The simulated profiles were
computed by averaging 4 x 4 nm?centered sections connecting the ten pairs of
opposite faces (left) or the six pairs of opposite vertices (right) and by averaging
overthelast 500 ns of therespective trajectories. The conformations resulting
from the slow packaging simulations show greater DNA ordering (more visible
layers) compared to the conformations resulting from fast packaging
simulations. Lower but persistentorderis observed alongthe vertices’
symmetry axes. The configurations sampled by the simulations of the “slow”
packaged particle show ahigher ordering of the DNA near vertices compared

to other simulations. The variations observed inindividual structures may arise
fromtheinherentstochasticity associated with the process of packaging.

b, Fraction of base pairsbrokeninthe DNA genome during the equilibration
simulations of the six packaged particles. Abase pairis considered intactif the
HlorNlatomofapurineiswithin2.5A of the N3 or H3 atoms of a pyrimidine,

125
Radial distance (&)

175 225 275 25 75 125 175 225 275

Radial distance (A)

and the angle formed by the N1-H1-N3 or N1-H3-N3 atoms is greater than 115
degrees. ¢, Fraction of base pairs broken within three internal radial bins,
analyzed every 0.96 ns of the “slow” (solid lines) and “slow with twist” (dotted
lines) trajectories. d, Fraction of broken basepairs characterized according to
their conformation (frayed, mis-stacked and over bent), analyzed over the last
50 nsofthe “slow” trajectory. Exterior (Ext.) refers to DNA base pairs that have
atleast one non-hydrogen atomwithin 20 A of the protein non-hydrogen atom,
andinterior (Int.) refersto all other base pairs. Error barsreflect standard
deviationacrossall points within each radial bin. e, Violin plots of the angle
betweenthelocal axis of a10 bp DNA fragmentand aradial vector asafunction
oftheradial distance to the capsid center. The CoM of each 10 bp fragment was
recorded for thelast 288 ns of the equilibration trajectory, sampled every

0.48 ns. Asexpected, helicestend to align transverse to the radial vector, asone
moves from the capsid center to the outermost layer (blue). A relatively higher
bimodality is observed when packaging is performed at higher force in the bins
nextto the outermostlayer, i.e. thetwobinsshowningreen.
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all-atom trajectory every 48 ps. Eachindividual coordinate file was then

analyzed using the Curves+ package®®
averaged accordingto the base pairs’radial distance from the capsid center 40 nsintervals, giving fourindependent samples for computing the standard

and normalized with respect to the number of base pairs within each radial bin error. Schematicimages adapted fromref. 59, Springer Nature.

0.1mol kg™ KClsolution, each simulated for 90 nsin the NPT ensemble. For
.Thebase-pairlevel propertieswerethen  bothsystems, base-pair parameters were averaged separately for last two
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Extended DataFig.9|Topological defectsinthe structure of DNAgenome shownin pink; the rest of the assembly is not shown for clarity. b, Same asin the
near the edges of the capsid. a, Arrangement of the DNA molecules (blue) in previous panel, showing only the DNA helices located within 20 A of the capsid
the outermost layer of the genome at the end of the all-atom MD equilibration edges. ¢, For each capsid edge (pink) the DNA helices from the previous panel
of the packaged capsid (slow trajectory). Proteins forming the capsid edgesare  are separately shown, viewed from the inside to outside.
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Extended DataFig.10 | Multi-resolution model of DNA-DNA and DNA-
proteininteractions. a, Explicit solvent all-atom MD simulations of internal
pressureinaDNAarray®. Colorindicates bulk electrolyte molarity: 20 mM
Mg?*/200 mM Na" (cyan), 250 mM Na* (orange), and 2 mM Sm*/200 mM Na*
(red). Using CUFIX corrections to non-bonded interactions® was essential to
achieve quantitative agreement with experiment. b, CG simulations of DNA
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experimental values regardless of the resolution of the model. The CG
simulations were performed using the mrDNA model”. ¢, Calibration of DNA-
proteininteractions.In each simulation,a DNA molecule was pushed againsta
flat cross-section of the viral capsid by an external force correspondingtoa

20 bar pressure. The grid-based representation of the protein capsid was tuned
tomatchtheaverage DNA-proteindistance seenin the all-atom simulation.
Imageinaadapted fromref. 50, Oxford Univ. Press.
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