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1 Rotational Symmetry Boundary Condition (RSBC)

Periodicity treated implicitly determines nonbonded iatgion using the minimum image conven-
tion:

\ia — Va - nea.“nt [Va/l_a] . La, (1)

whereV, andV, are component of distance vectats,is the length of the periodic box aloi,
andnearint|...] is nearest integer value @f.]. Application of Eq. (1) to relative distances in an
infinite periodic system allows selection of the closestycopreplicated atoms for determining
the nonbonded interactions in open crystallographic sgagep symmetry. Self-image interac-
tions are avoided with an appropriate sized primary unitthwliosed point group symmetry and
rotational symmetry boundary conditions (RSBC), it is not gmego utilize the minimum image
convention or to avoid self-image and replicate-imageradions near certain rotational symme-
try axes. A subset of the 60 icosahedral symmetry operagareeded to generate the full capsid
from a pentameric primary unit. The choice of the subset aogiimized to minimize, but not

avoid, the self-image and replicate-image interactions.
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S1



The choice for the subset of icosahedral symmetry operatast meet two criterid:

1. In explicit treatment of image atoms, when primary atonoss a wall of the primary cell,
their coordinates are transformed back into the primary ushg inverse of one of the
image operators. This procedure is called re-centering.avied a discontinuity in en-
ergy, re-centering must move the atom to the identical méenaronment, with equivalent
nonbonded interactions for primary and image atoms asegkis¢fore re-centering. Re-
centering is essential for implementation of a general sginywboundary condition because
of the explicit treatment of image atoms. Without re-ceintgrwater molecules that leave
the primary cell will interact with an increasing number ofage atoms leading to a cor-
responding increase in the nonbonded pair list. As a rethidtfotal energy of the system

decreases over time (data not shown here).

2. Each symmetry operator must have its inverse operatbeihgted subset of operators. This
requirement of the IMAGE facility of CHARMM is imposed for comfational efficiency in
calculating energie$ Fulfillment of the first criterion guarantees fulfillment i criterion

for the subset of icosahedral symmetry operators usedsrathicle.

A subset of the icosahedral symmetry operators ( Table 1yelasted to transform the primary
coordinates to image coordinates. For the five nearest beigimits positioned at the pentamer
edges of the primary unit the symmetry operators were slestich that symmetrical forces were
imposed at some but not all rotational axes. The five opesatbeach row of Table 1 transform
an asymmetric unit, or protomer of a virus, to a pentamerit #ssuming the top-row operators
form the pentamer of the primary unit, one operator of eagh2el2 is needed to complete an
icosahedron. We limit our attention to generating imagesbf neighboring pentamers given that
the pentamer size is greater than the nonbonded cutofindistaOperators in bold face in rows
2,5,6,9, and 11 of Table 1 generate these neighboring pensariihe only set of operators,
one from each of these rows, that satisfies the two condifmmthe IMAGE facility enumerated

above are the operatofs(row 2), F1ZF3 (row 5), ZF1ZF3 (row 6), FZF4 (row 9), andXFZF4
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(row 11). The set contains the inverse of each operatotZ tin@nsformation is self-inverse, while
F1ZR/FZF, andZF ZR/XFZF, are inverse transformations. That the first condition isBat
can be determined from Figure la, which shows in a two-dimeas projection the primary
unit and five nearest-neighbor image units generated wighdioice of icosahedral operators.
Recall that, because the pentamer is the primary simula¢gigeach pentameric corner, labeled A
through E, is distinct from the other corners. An atom legypnimary unit near 3f1, as shown in
Figure 1a, will be re-centered near 3f4. Before leaving tlwgry unit atom was interacting with
primary atoms near corner A and images of atoms near corned B aAfter re-centering the atom
will interact with primary atoms near corner D and imagestofres near corner A and B. Thus re-
centering of atoms that move into an image region returnatihra to the exact environment within
the primary unit. Similarly an atom near 3f3 leaving primaryit will be re-centered near 3f3.
Figure 1b show two-dimensional projection of primary umitldive nearest-neighbor image units
generated with symmetry operators underlined in Table Thvbb not satisfy the first criterion
mentioned above. An atom leaving primary unit near 3f1 inuFeglb, where micro-environment
generated by corners A, B & E, will be re-centered near 3f2reslitbe micro-environment is
different and generated by corners A, B & D. Simulation cahlbeperformed with such a set of
symmetry operators as energy will be discontinuous afteergering.

Figure 1a showing the primary pentameric unit of the icodatre and illustrates the failure
at certain axes of rotational symmetry of the minimum imag@vention used for generating non-
bonded list under periodic boundary conditions. Clearlg #igorithm fails near axe1, 3f3 and
3f5 as explained in section 2.2 of article. Near other symmeteg amages are not positioned near
the primary unit guarantees avoidance of replicate-imagesalf-image interactions. For example
near axes 3f1 of Figure 1a atoms neé&AB interacts with atoms nealC’'D’E’ and/A'B'C’ of im-
age units and avoid self-image and replicate-image intieras: In spite of violations of minimum
image convention near certain symmetry axes, RSBC are pyopanidled by explicit treatment
of image atoms with the limitation that the resulting int#r@ns impose microscopic symmetry of

forces for a small number of nonbonded pairs.
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At the 2-fold symmetry axigfl, and 3-fold symmetry axe¥3 and3f5 ( Figure 1a) microscopic
symmetry is imposed by forces from self-image interactiand from interactions with replicate
primary and image atoms located near the axes. Other 23dlold, and of course, the 5-fold
icosahedral symmetry axes are microscopically asymmeiven that primary and image atoms

are not replicated and all nonbonded interactions are witkpendent atoms.

2 Convergence

Properties investigated in this article depend on magaitf¥, s and the density of atoms within

a shell of different thickness near a symmetry axis.

Vims = \/ zén_nl—n;:illz (2
i=1

wheren is number of atoms anah andv; are mass and magnitude of velocityitsf atom.
Instantaneous temperature the system depentfg,gn

N 0)

T(t) = 2 kaNp

3)

whereN is total number of atom in the system; id number of degrees of freedom akgl is
Boltzmann’s constant.

In Figure 2a temperature of solvated viral capsid during pnesluction time of simulation
is shown. Densities of heavy atoms of viral capsid withirirjlical shells of 1 A width around
3-fold symmetry axis 3f1 are shown in Figure 2b. Densities gtvown for shell at 3 different
distances with their midpoints at 5 A (red), 7 A (green) and %lue). Both temperature and
densities of heavy atom are well converged during the sitoma

In Figure 3 the distribution of the main cham ¢ dihedral angles are shown for the residues
117 of VP2, and 122 and 199 of VP3 in Figure 3 for four additi@®s of 2 ns production time

of simulation. These Ramachandran plots reveal that thetiisons for these residues positioned
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near the 3f1, 3f2 or 3f4 axes (panel a,c and e in Figure 3) ddliffet from those aBf3 or 3f5
axes (panel b,d and fin Figure 3). In 5 different independéntlations thep, ¢ dihedral angles
spans similar area in Ramachandran plots which indicatesritzans of production time lowest

energy regions of underlying energy surface are well pdpdla
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Table 1:1cosahedral symmetry operators?

1 2 3 4 5

2 1221 ZF1 (6,2) ZF (114)  ZFs(9.1) ZF4 (5,1)

3 | X(3,1) XF; (8,1) XF (12,1)  XF3(10,4)  XF4(7.,2)

4 Y (4, YF1 (4,2) YF> (4,3) YFs (4,4) YF, (4,5)

5 | FZ(25) FZR(61) FZFR(113) FiZF3(95)  FiZFs (5.5)

6 | ZFZ (5.2) ZFZFL (22) ZFiZF»(6,3) ZF1ZFs(11,5) ZF1ZF4(9,2)
7 | XFZ (7,1) XFZF (3,5) XFiZF, (85) XFZFs(12,5) XFiZFs (10,3)
8 | YFIZ(3,2) YFiZF1(8,2) YFiZF» (12,2) YFiZFs(10,5) YF1ZF4(7,3)
9 | BZ(24) FZFi(65) FZF(112) FZF3(94)  FZF4(5,4)

10| ZRZ (12,4) ZFZFy (10,2) ZFoZFs (7,5) ZFaZFs (3,4)  ZFoZF4 (8,4)
11| XRZ (11,1) XFZF; (9,3) XFZFs (5,3) XFoZFs (2,3)  XFoZF4 (6,4)
12| YRz (33) YRZF (83) YRZR (12,3) YRZFs (10,1) YRZF, (7.4)

2 Rotational operators of icosahedral symmetiyis identity; F1 234 are rotations
around the 5 fold symmetry axis by #2144, 218, 289 respectively:X,Y,Z are

rotations by 180 aroundX,Y,Z axes respectively. The 1st and 2nd numbers in-
side the parenthesis following the operator indicates ¢hie and column numbers
respectively of the inverse of that operator. Five opeginreach row transform

the protomer coordinates to 5 protomers for the pentameintgpy unit used in this

study. Neighboring images of the pentameric unit are geeetay the five operators

in boldface.
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Figure 1: (a) Two-dimensional projection of the pentamer and its neighlgenerated by the set of
symmetry operators shown in bold face in Table 1. The cepagatamer represented BY3CDE,

is the primary simulation unit. Pentamers represented B{C'D’E’ are nearest-neighbor images.
The area spanned by a protomer is represented by the shadedraree-fold symmetry axes are
3f1 to 3f5 and two-fold symmetry axes agfl to 2f5. O is the five-fold symmetry axis. The Z
axis is coincident witl2f1. Self-image and replicate-image interactions are presteome 2-fold
symmetry axis2fl, and two 3-fold symmetry axe3{3 and3f5. (b) Two-dimensional projection of
the pentamer and its neighbors generated by the set of uretkdymmetry operators in Table 1.
Upon recentering an atom might not see an identical micvir@mment as this particular choice
of symmetry operators does not satisfy the first criteriomtio@ed in the text.

S7



Of 320 + (a) T
© 310 - |
=5

2 300 NS
gZQO r 1
g

— 280 -

0 400 800 1200 1600 2000
Time (ps)

~0.030
0
<0025
50020
20.015 Wikdhart bbby o
B0.010 Hbniutiai

0.005

0.000

0 400 800 1200 1600 2000

Time (ps)

Figure 2:(a) Temprature of solvated viral capsid during 2 ns productierigal of simulation.(b)
Density of heavy atoms of protein within a cylindrical sheflll. A width around 3-fold symmetry
axis 3f1 with the midpoint of the shell at 5 Aegd), 7 A (green) and 9 A plue).
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Figure 3: Ramachandran plot of residues closest to 3-foldrsstny axes. The dihedral angles,
@ and y, are plotted for residue 117 of VP2, and residues 122 and 1998 from protomers
located near the 3f1, 3f2 and 3f4 axes (pamekbnde), or located near thgf3 and3f5 axes (panel
b,d or f). Results are shown for 4 sets of 2 ns production time of sitiana (1), (1), (1lI) and

(V).

S9



