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Single-stranded RNA viruses efficiently encapsulate their genome into a protein shell called the capsid.

Electrostatic interactions between the positive charges in the capsid protein’s N-terminal tail and the negatively

charged genome have been postulated as the main driving force for virus assembly. Recent experimental results

indicate that the N-terminal tail with the same number of charges and same lengths packages different amounts of

RNA, which reveals that electrostatics alone cannot explain all the observed outcomes of the RNA self-assembly

experiments. Using a mean-field theory, we show that the combined effect of genome configurational entropy and

electrostatics can explain to some extent the amount of packaged RNA with mutant proteins where the location

and number of charges on the tails are altered. Understanding the factors contributing to the virus assembly could

promote the attempt to block viral infections or to build capsids for gene therapy applications.

DOI: 10.1103/PhysRevE.102.062423

I. INTRODUCTION

Viruses have optimized the feat of packaging of their neg-

atively charged genomes into a protein shell called the capsid,

often built from a large number of one or a few different

kinds of protein subunits [1]. Under many in vitro conditions,

coat proteins of several single-stranded RNA (ssRNA) viruses

can spontaneously encapsulate all types of anionic cargos

including their native genome, linear polymers, and heterolo-

gous and nonviral RNAs [2–6]. The capsid proteins of several

RNA viruses contain an unstructured positively charged N-

terminal domain that extends toward the center of the capsid

and interacts with the viral genome; see Fig. 1 [7]. Although

the specific sequence of the viral RNA plays an important

role in packaging [8,9], it is now well established that the

electrostatic interaction between N-terminal tails and RNA is

the main driving force for the formation of viral particles and

their stability [10–12].

Self-assembly studies of various ssRNA viruses have re-

vealed that the amount of RNA packaged depends directly

on the number of positive charges on the N-terminal tails of

capsid proteins. Many experiments show that mutant virions

with less positive charges on N-terminal domain encapsidate

lower amounts of RNA and mutants with increased positive

charges package more [13,14]. For example, the experimental

studies of Sivanandam et al. show that the deletions of even

one single positively charged residue of the satellite tobacco

mosaic virus N-terminal domain results in the formation of

virus particles with a reduced amount of viral RNAs [13].

Belyi and Muthukumar as well as Hu et al. [15,16] also

examined the relation between the total number of positive

charges in the tails and the length of the encapsidated RNA in

various viruses and found a strong relation between them.

Of particular interest is the self-assembly experiments of

Ni et al. who specifically focused on the brome mosaic virus

*Present address: Department of Materials Science and Engineer-

ing, Northwestern University, Evanston, Illinois 60208, USA.

(BMV) and systematically investigated the role of electrostat-

ics on the amount of RNA packaged [14]. The N-terminal

domain of BMV capsid proteins is composed of 26 residues,

eight of which are positively charged. The genome of BMV

consists of four RNA molecules: RNA1 (3.2 kb), RNA2

(2.9 kb), RNA3 (2.1 kb), and RNA4 (0.9 kb). While RNA3

and RNA4 co-assemble together in one capsid, RNA1 and

RNA2 are each encapsidated separately. Quite interestingly,

the total length of encapsidated genome is more or less the

same in each capsid. The BMV capsids of these three types

are virtually identical, i.e., have T = 3 icosahedral structures

consisting of 180 copies of the same protein with the same me-

chanical properties [17]; see Fig. 1. We note that the structural

index T, introduced by Casper and Klug, defines the number

of protein subunits in viral shells, which is 60 times the T

number [18]. Thus T = 1 and T = 3 capsids have 60 and 180

protein subunits, respectively.

To gain more insight into the effect of electrostatic in-

teractions, Ni et al. made several mutants to increase the

number of charges on N-terminal domains. A summary of

their experimental results is presented in Fig. 2. In one case,

they inserted eight residues including four positively charged

ones after residue 15 (2H15). They also examined the impact

of the length of the N-terminal without adding more positive

charges but by introducing six alanines and two threonines,

which are neutral (2HA15). To examine whether the position

of the insertions has an impact on the amount of packaged

RNA, they repeated the aforementioned experiments but in-

troduced insertions after residue 7 and constructed 2H7 and

2HA7. Furthermore, to exclusively examine the effect of the

increasing charges while keeping the length of the N-terminal

tail the same as the wild-type one, they replaced four un-

charged residues along the tail with four arginines (4R), each

containing one positive charge. They found that in all cases,

the structure of capsids was almost the same even though the

amount of encapsidated RNA was different.

The spectroscopic analysis of the experiments of Ni et al.

reveals that as the number of charges on the N-terminal
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FIG. 1. (a) A T = 3 icosahedral shell with 180 protein subunits.

The darker (blue) color shows the pentamers. The structure is similar

to the BMV capsid. (b) The interior of a T = 3 viral shell with

N-terminal domains (pink tails) extended toward the center of the

capsid. Each N-terminal domain contains eight positive charges, not

shown in the figure. The structure in (a) is reproduced using UCSF

Chimera packages [43].

increases, the higher amount of nucleotides per capsid is

packaged [14]. Nevertheless, it appears that the amount of

encapsidated RNA increase does depend on other factors than

the number of positive charges on the N-terminals. While the

experiments clearly indicate that electrostatics plays a major

role in RNA packaging, it is not obvious whether electrostatics

can explain all the effects observed in Fig. 2. Many theoretical

and experimental studies have already shown that the length

of packaged RNA increases with the number of charges in

N-terminal tails [11,13,14], but how the amount of RNA en-

capsidated depends on the distribution and location of charges

on the N-terminals has remained elusive.

In this paper we show that electrostatics is indeed able to

explain at least to some extent many observed effects relevant

to RNA packaging. Using the mean-field theory, we show that

the charge discreteness, the location, and the distance between

FIG. 2. (a) Schematic of the sequences of N-terminal tails of six

mutants used in the experiments of Ni et al. [14]. The mutants are de-

noted by 2HA7, 2H7, 2HA15, 2H15, 4S, and 4R. The triangles denote

the location of the insertions. For 2HA7 and 2HA15, eight neutral

amino acids are inserted into the N-terminal. For 2H7 and 2H15, four

neutral and four positive amino acids (with boldface and underlined)

are inserted. The four positive amino acids are two lysines (K) and

two arginines (R), leading to the increased length of N-terminal

regions and also 720 additional positive charges per capsid. For 4S

and 4R, the length of N-terminals remains the same. In the case of

4S four neutral amino acids (MAAA) are replaced with another four

neutral amino acids and for 4R mutants, four neutral amino acids

(MAAA) are replaced with four positively charged arginines (R).

(b) Spectroscopic analysis of the number of nucleotides per virion.

the charges along the N-terminal tails have a huge impact

on the optimal number of nucleotides packaged. Consistently

with the experiments of Ni et al. we find that the optimal

amount of packaged RNA depends on the location of charges

within the peptide sequence and increases nonlinearly with the

total number of positive charges on the capsid.

The paper is organized as follows. In the next section, we

introduce the model and derive the equations that we will

employ later. In Sec. III, we present our results corresponding

to the nonuniform charge distribution along the N-terminal

tails of BMV coat proteins. Section IV discusses the impact of

the length and sequence of amino acid N-terminal tails on the

the length of encapsidated genomes, and finally, we present

our conclusion and summarize our findings.

II. METHOD

To explore the impact of N-terminal charge distribution on

the length of packaged RNA, we model RNA as a negatively

charged flexible polymer. Many experiments show that RNA

acts effectively as a branched polymer in solution [19,20].

Due to the relatively weak strength of RNA base-pairing,

the number of branch points of RNA can easily be modified

through the interaction with the positive charges of virus coat

proteins. Thus, we focus on the case of annealed branched

polyelectrolyte, which allows the degree of branching of

RNAs, a statistical quantity, to be modified [21]. Using the

mean-field theory, we calculate the free energy of the RNA

confined into a spherical shell that interacts attractively with

the positive charges residing on the N-terminal domains of the

capsid proteins. Under the ground-state dominance approxi-

mation [22,23] where only the dominating contribution to the

polymer partition function is considered, the free energy of

the genome-capsid complex in a salt solution is [11,24–27]

βF =

∫

d3r

{

a2

6
|∇"(r)|2 + W ["(r)]

−
β2e2

8πλB

|∇%(r)|2 − 2µ cosh[βe%(r)]

+ βτ%(r)"2(r)

}

+

∫

d2r[βρ(r) %(r)], (1)

where β is the inverse of temperature in the units of energy, a

is the Kuhn length of the polymer, e is the elementary charge,

µ is the density of monovalent salt ions, and τ is the linear

charge density of chain. The Bjerrum length λB = e2β/4πϵ

is about 0.7 nm for water at room temperature. The dielectric

permittivity of the medium ϵ is assumed to be constant [28].

See Ref. [29] and the Appendix of Ref. [27] for a step by

step derivation of Eq. (1), in the absence and presence of

electrostatic interactions, respectively.

The field "(r) is the monomer density field and %(r) is the

electrostatic potential. The density of positive charges on the

N-terminal tails of capsid proteins is denoted by ρ(r). The first

term in Eq. (1) is the entropic cost of deviation from a uniform

chain density. The last two lines of Eq. (1) are associated with

the electrostatic interactions between the chain segments, the

capsid, and the salt ions at the level of Poisson-Boltzmann

theory [24,30–32]. The term W ["] represents the free energy

density associated with the annealed branching of the polymer
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including the self repulsion of the polyelectrolyte [33–35],

W ["] = −
1

√
a3

(

fe" +
a3

6
fb"

3

)

+
1

2
υ"4, (2)

where fe and fb are the fugacities of the end and branched

points of the annealed polymer, respectively [29], and υ is

the effective excluded volume for each monomer. Note that

the stem-loop or hair-pin configurations of RNA are counted

as end points in this model. The quantity 1√
a3

fe" indicates

the density of end points and
√

a3

6
fb"

3 the density of branch

points. The expectation numbers of end and branched points,

Ne and Nb, are related to the fugacities fe and fb, and can be

written as

Ne = −β fe

∂F

∂ fe

and Nb = −β fb

∂F

∂ fb

. (3)

There are two additional constraints in the system. The first

one corresponds to the fact that the total number of monomers

(Kuhn lengths) inside the capsid is fixed [36,37],

N =

∫

d3r "2(r). (4)

We impose this constraint through a Lagrange multiplier, E ,

introduced below. Second, there is a relation between the

number of the end and branched points,

Ne = Nb + 2, (5)

as there is only a single polymer in each capsid and no closed

loops within the secondary structure of an RNA are allowed.

The polymer is linear if fb = 0, and the number of branched

points increases with increasing value of fb. For our calcula-

tions, we vary fb and find fe through Eq. (3) and Eq. (5). To

this end, fe is not a free parameter.

Extremizing the free energy with respect to the fields "(r)

and %(r), subject to the constraint that the total number of

monomers inside the capsid is constant [Eq. (4)], we obtain

three self-consistent nonlinear coupled equations for the inte-

rior and exterior of the capsid,

a2

6
∇2"(r) = −E"(r) + τβ%in(r)"(r) +

1

2

∂W

∂"
, (6a)

∇2%in(r) =
1

λ2
D

sinh[%in(r)] −
τ

2λ2
Dµβe2

"2(r)

−
1

2λ2
Dµβe2

ρ(r), (6b)

∇2%out(r) =
1

λ2
D

sinh[%out(r)], (6c)

where λD = 1/
√

8πλBµ is the (dimensionless) Debye screen-

ing length and E is the Lagrange multiplier implementing the

fixed monomer number inside capsid. The polymer concen-

tration in the exterior of the capsid is considered to be zero,

" = 0. Equations (6) along with the constraints shown in

Eqs. (4) and (5) represent a set of coupled nonlinear differen-

tial equations that, subject to appropriate boundary conditions,

can only be solved numerically for the unknown parameters fe

and E and fields "(r) and %(r).

The boundary conditions for the two coupled differential

equations (6b) and (6c) can be obtained by minimizing the

FIG. 3. (a) The white circles indicate the locations of N-

terminals on a T = 3 capsid. (b) 3D view of inside of a T = 3 capsid

with 180 protruded regions representing N-terminals. There are eight

positive charges on each cylinder (N-terminal tail) in a wild-type

BMV capsid. The positive charges are not shown in the figure.

free energy with respect to the %(r) field on the surface of the

capsid and are

n̂ · ∇%in(r)|r=R = n̂ · ∇%out(r)|r=R,

%in(r)|r=R = %out(r)|r=R,

%out(r)|r=∞ = 0. (7)

We employ Dirichlet boundary condition "(r)|r=R = 0 for

the monomer density field at the capsid wall. Because of the

symmetric monomer distribution, we set ∂r"(r)|r=0 = 0. We

emphasize that the derivations of all equations given in this

section can be found in the Appendix of Ref. [27]. A more

detailed derivation of the partition function and free energy

for branched polymers can be found in Ref. [29].

N-terminal tails

Figure 1 shows a T = 3 structure with 180 N-terminal

tails extending into the interior of the capsid, distributed with

icosahedral symmetry. Because of the repulsion between the

positive charges residing on the N-terminal tails, and the fact

that RNA wraps around them, we assume that the N-terminal

tails take an extended configuration. To this end, we model

the N-terminal tails of BMV capsids as solid cylinders; see

Fig. 3(b). We note that the charged tails are placed inside the

capsid, and we will use the same boundary conditions for them

as those given in Eq. (7) at the surface.

In the next section we will examine the impact of different

charge distributions along N-terminal domains on the optimal

genome length, which we will compare with the experimen-

tal results presented in Fig. 2. Since most of the positive

charges are residing on the N-terminal tails, we consider that

the charges of the coat proteins are only distributed in the

cylindrical regions with no charges on the capsid wall.

For simplicity, we first consider a T = 1 capsid with only

two positive charges on each of its 60 N-terminal tails and

then focus on the T = 3 capsid of BMV.
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FIG. 4. Genome density profile inside a T = 1 capsid as a function of the distance from the capsid center. The solid lines in the figure show

the profiles along N-terminal tails, but the dashed graphs correspond to the direction without N-terminal tails (inset). (a) The plot illustrates

the profile when the distance between the two charges is 0.2 nm with the total number of monomers N = 658. (b) The plot corresponds to the

profile when the distance between the two charges is 1.4 nm with N = 680. See Fig. 5(a) for a schematic view of charge distributions. The

length of the tail is 4 nm, and the size of each charged region is 0.2 nm. The polymers are branched with fb = 3.86. The other parameters are

salt concentration µ = 500 mM, the capsid radius R = 9 nm, and the total charge on N-terminals Qc = 120.

III. RESULTS

A. A capsid with 60 tails (T = 1)

To obtain the optimal length of encapsidated genome in

a T = 1 shell, we numerically solve the nonlinear coupled

differential equations (6a), (6b), and (6c), subject to the con-

straints given in Eqs. (4) and (5). We operate on the nonlinear

coupled differential equations with the finite element method

and deal with the convergence issue employing the Newton

method [38–40].

After finding the solutions for the fields "(r) and %(r)

we insert them into Eq. (1) to obtain the free energy of the

polymer-capsid complex, F [26,27,41]. To obtain the encap-

sidation free energy, we need to calculate the free energy of a

polymer free in solution and that of a positively charged shell

and then subtract them both from the polymer-capsid com-

plex free energy, F , given in Eq. (1). The capsid self-energy

[F (N = 0)] due to the electrostatic interactions is calculated

through Eqs. (6) and (7) in the limit as N → 0 and should be

explicitly subtracted from the polymer-capsid complex free

energy, F . We emphasize that the focus here is on the solution

conditions in which the capsid proteins can self-assemble in

the absence of the genome. We also note that previous works

have shown that the free energy associated with a free chain

(both linear and branched) is negligible under most experi-

mental conditions [25,27].

The results of our numerical calculations are given in Fig. 4

as a plot of the polymer concentration profile vs r, the distance

from the center of the shell for a branched polymer with the ra-

dius of capsid R = 9 nm at µ = 500 mM salt concentrations.

The total number of charges in the capsid is Qc = 120 with

two charges on each N-terminal tail. The length of N-terminal

is 4 nm and the size of each charge is 0.2 nm [see Fig. 5(a)].

Figure 4(a) shows the genome profile if the distance be-

tween the two positive charges along the N-terminal tails

is 0.2 nm while Fig. 4(b) corresponds to when the distance

between the charges is 1.4 nm; see Fig. 5(a) for a schematic

presentation of the distribution of charges in both cases. Note

that the charged amino acids are yellow and neutral ones are

blue in Fig. 5(a). The optimal number of monomers enclosed

in the shell for Fig. 4(a) is N = 658 and for Fig. 4(b) is

N = 680. The figure clearly shows that the polymer concen-

tration is higher at the positions where the positive charges

are located along the tails. When the distance between two

charges is less than the Debye length λD = 0.438 nm, there

is only one maximum in the profile. As the distance between

the charges increases and goes beyond two Debye lengths, the

genome density profile between the two charges goes almost

to zero.

It is important to note that we have previously studied the

impact of the number of branched points, which is closely

connected to the fb value, on the length of the encapsidated

genome and found that the length of the genome increases

with fb [26]. Since our focus in this paper is only on the effect

(a) (b)

FIG. 5. (a) Schematic of an N-terminal tail. The distance be-

tween two positive charges along the N-terminal domain increases

from bottom to top. Each yellow rectangle is 0.2 nm and denotes

one positive charged amino acid. The smallest distance between the

two charges is 0.2 nm. From the shortest to the longest distance, we

examine seven different cases. The largest distance between the two

charges is 2.8 nm. The charge on the right side is next to the wall and

its position is fixed. (b) Optimal length of RNA encapsulated as a

function of the distance between two charges for a capsid with radius

R = 9 nm, the tail length 4 nm, and salt concentration µ = 500 mM.

RNA is modeled as an annealed branched polymer.
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FIG. 6. Encapsulation free energy as a function of monomer

number, N . The dashed line corresponds to the case in which the

distance between the two charges is short (d = 0.2 nm) and the

solid curve to when the distance between the charges is a little bit

longer (d = 1.4 nm); see Fig. 5(a) for a schematic of two charge

distributions. The other parameters are the capsid radius R = 9 nm,

the tail length 4 nm, and salt concentration µ = 500 mM, and the

total positive charge on the capsid is Qc = 120. RNA is modeled

as an annealed branched polymer and its fugacity is fb = 3.86. The

optimal number of packaged monomers for d = 0.2 nm is 658 while

for d = 1.4 nm it is 680.

of charge distribution along the N-terminals, we set fb = 3.86

for all the calculations presented here. In a previous paper, we

found that this value of fb would create a similar number of

branch points to the case in the wild-type BMV genome [26].

The value of fb does not play an important role in our findings

of the effect of N-terminal charge distribution.

Figure 6 shows the encapsulation free energy as a function

of N , the number of monomers, for a T = 1 structure. The

dashed line in the figure corresponds to the case in which the

distance between the charges is 0.2 nm and solid lines to when

the distance between the charges is 1.4 nm; see Fig. 5(a) for a

schematic of two charge distributions. As illustrated in Fig. 6,

when the charges are closer to each other, the free energy

of the system is lower; however, the minimum of the free

energy moves toward longer chains as the distance between

the charges increases.

Figure 5(b) shows the optimal length of encapsidated RNA

as a function of the distance between two charges along the

N-terminal domains. One charge is placed at the end of the

N-terminal tail next to the capsid wall, but the location of the

other varies from the wall all the way to the tip. The figure

clearly shows that as the distance between charges increases,

the optimal length of the genome increases too. Thus, the loca-

tion of charges along the N-terminal domains has an impact on

the amount of the polymer packaged. It appears as the distance

between the charges goes up, at some point the optimal length

of the packaged genome saturates and does not keep increas-

ing. A careful examination of the first term in Eq. (1) shows

that for this size of capsid and charge distribution, the optimal

genome density is too small and the impact of entropy is not

strong enough to have a significant role in the optimal length

of the genome. As the distance between the charges increases

and becomes more than two Debye lengths (λD = 0.438 nm

for µ = 500 mM), the electrostatic interaction becomes very

FIG. 7. Table of seven charge distributions along N-terminals

where each yellow rectangle represents a positively charged amino

acid and blue triangles neutral ones. The table includes the optimal

encapsulation free energy of the RNA confined into a spherical shell,

the optimal length of encapsulated RNA, percent change (theory)

of optimal length compared to the wild-type BMV, and the percent

change (experiment) from Fig. 2. The salt concentration is 500 mM.

The radius of the capsid is 12 nm. For wild type, 2HA7, 2HA15, and

4S, the total charge on capsid is Qc = 1440 but for 2H7, 2H15, and

4R it is Qc = 2160. The tail length for wild type, 4S, and 4R is 5 nm

while for 2HA7, 2HA15, 2H7, and 2H15 it is 6.5 nm. The Debye length

λD for 500 mM is 0.438 nm.

weak between the two charges. Thus, the genome will be

mostly adsorbed in the close proximity of each positive charge

along the peptide. Note that even though entropy prefers a

uniform genome density, the electrostatic interaction is much

stronger and thus the optimal length of encapsidated genome

first increases with the distance between the charges and then

it remains more or less constant.

B. A capsid with 180 tails (T = 3)

We now examine the impact of charge distribution

along the N-terminal domain for a T = 3 capsid with 180

N-terminal tails. More specifically, we focus on the self-

assembly studies of Ni et al. in which the impact on the

length of packaged RNA of the location and distribution of

positive charges along the N-terminal domains of BMV capsid

proteins were studied [14]. Figures 2(a) and 2(b) show the dis-

tribution of charges along N-terminal domains and the length

of encapsulated RNA for different mutants, respectively. The

schematic of the charge distribution along the N-terminals for

various mutants and wild-type capsid proteins based on our

model is illustrated in the left column of Fig. 7. The length of

N-terminal is set equal to 5 nm for the wild type and 6.5 nm

for the mutants with eight extra amino acids. We assume all

amino acids have the same size, which is set equal to 0.2 nm.

The charged amino acids are yellow and neutral ones are blue

as before.

Following the same procedures as described above for a

T = 1 structure, we first obtain the genome profile for a given

number of nucleotides and then use it to calculate the free

energy of the system. Figure 8 shows the genome profiles

for the wild type, 2HA15, and two other mutant proteins. The

schematic of charge distribution for each case is illustrated in

Figs. 7 and 9. The total number of monomers in each plot

in Fig. 8 is N = 1390, and the total number of charges in

all capsids is Qc = 1440. There are eight positive charges on

each N-terminal tail, whose length is 6.5 nm long for mutants
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(a) (b)

(c) (d)

FIG. 8. The genome density profile vs r, the distance from

the center of the capsid for four different charge distributions

along the N-terminal domains: (a) wild type (WT), (b) 2HA15(M1),

(c) 2HA15(M2), and (d) 2HA15. The first column in Figs. 7 and 9

shows the schematics of N-terminal tails for each case. The peaks in

the RNA profiles correspond to the position of positive charges along

the N-terminal tails. As the distance between the charges located

in the middle of N-terminal tails increases, the density of genome

between the two peaks goes lower. However, the amount of RNA

between two peaks due to the entropic contribution and the range of

electrostatic interaction do not drop to zero in the case of 2HA15(M1)

(b). The genome density between the two peaks becomes smaller for

2HA15(M2) (c) and becomes almost zero for 2HA15.

and 5 nm for wild-type proteins. The genome is considered to

be a branched polymer ( fb = 3.86).

Figure 10 shows the free energy of a branched polymer

packaged by the wild-type and mutant proteins of Fig. 7. The

symbols in the figure correspond to the optimal genome length

for each case. The figure reveals that the encapsulation free

FIG. 9. Table of six different charge distributions along N-

terminals. As before each yellow rectangle represents an amino acid

with a positive charge and blue rectangles represent neutral amino

acids. The table includes the optimal length of encapsulated RNA for

three different salt concentrations, 500 mM, 300 mM, and 100 mM.

The distance between the fourth positive charge (the fourth yellow

rectangle) and the fifth positive charge from top to bottom is 0.2 nm,

0.6 nm, 1.0 nm, 1.4 nm, 1.8 nm, and 2.2 nm. The percent change

(theory) of the optimal length of encapsidated RNA for each mutant

relative to the RNA encapsidated by mutant 2HA7(M) is also pre-

sented in the table. The capsid radius is 12 nm and the tail length is

6.5 nm with total charges on the capsid Qc = 1440. Debye length is

λD = 0.979 nm for µ = 100 mM, λD = 0.565 nm for µ = 300 mM,

and λD = 0.438 nm for 500 mM.

FIG. 10. The encapsidation free energy as a function of monomer

numbers for the mutants presented in Fig. 7. 2HA7 and 4S have

the same free energy as wild type. The additional length inserted

in 2HA7 does not have a huge impact on the optimal encapsidated

genome because it does not modify the distance between the charges

along the N-terminal tails; see Fig. 7. The capsid radius is 12 nm and

the tail length is 6.5 nm with total charges on the capsid Qc = 1440.

The salt concentration is 500 mM.

energy of the wild type, 2HA7, 4S, and 2HA15 are almost

the same. Note that all these mutants have the same number

of charges on their capsids. The values of the minimum free

energy, the corresponding optimal genome length, and the per-

cent change (theory and experiment) of encapsulated genome

compared to the wild-type case are presented in Fig. 7.

Consistent with the experimental data presented in Fig. 2

and the last column of Fig. 7, our theoretical calculations

show that as the number of positive charges on the N-terminal

tails increases, the optimal length of the genome increases

too. The mutants 4R, 2H7, and 2H15 have four extra positive

charges compared to wild-type proteins and they all encap-

sidate longer genomes. Both mutants 2H7 and 2H15 have

longer tails compared to 4R, and our results show that they

encapsidate longer genomes, consistent with the experimental

findings. Thus the length of N-terminal tails influences the

amount of packaged RNA.

While there are many similarities between the experiments

presented in Fig. 2 and our theoretical results shown in Fig. 7,

there are also some differences. The comparison of the exper-

iment and theory reveals that more genome is encapsidated

by 2HA15 proteins compared to wild-type or 2HA7 proteins,

which is not observed in our calculations. Note that to per-

form the numerical calculations, we consider that all amino

acids have the same effective size (0.2 nm), and the Debye

length in our system is λD = 0.438 nm. Since the parameter

landscape is quite vast and there are several unknowns, instead

of changing the size of each amino acid, we modify the dis-

tance between the fourth and fifth charged amino acids in the

N-terminal tail of the mutant 2HA15. More specifically, we

systematically increase the distance between the fourth and

fifth positive charges from 0.2 nm to 2.8 nm where the 8 amino

acids were inserted for the case of the mutant 2HA15 and then

calculate the optimal length of encapsidated genome for three

different salt concentrations of µ = 100, 300, and 500 mM.

As illustrated in Fig. 9, the optimal length of encapsidated

genome depends on both the distance between the fourth and
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FIG. 11. Schematic of two N-terminal tails with different charge

distributions. As before each yellow rectangle represents an amino

acid with a positive charge and effective size of d = 0.2 nm and blue

rectangles represent neutral amino acids but with the same size. The

table includes the effective encapsulation free energy of the RNA

confined into a spherical shell, the optimal length of encapsulated

RNA, and the percent change (theory) of optimal length of packaged

RNA with respect to the first charge distribution. The salt concen-

tration is µ = 500 mM, and tail length is 4.5 nm for both cases.

The total charge on the capsid is Qc = 1440. When the charges

are distributed more evenly, the optimal length of the encapsidated

genome increases. For the first line of the table, the distance between

yellow rectangles is either zero or 0.2 nm, while for the second one

it is either 0.2 nm or 0.4 nm.

fifth positively charged amino acids and the salt concentration.

The figure reveals that as the distance increases from 0.2 to

2.2 nm, the optimal length of the encapsidated genome first

increases and then later decreases.

To gain more insights into the experimental results, we

also examined the impact on the optimal polymer length of

a uniform charge distribution along the N-terminals versus a

tight one as presented in Fig. 11. As shown in the figure, for

a given tail length and number of positive charges, when the

charges are distributed more uniformly along the N-terminals,

the optimal length of encapsidated genome becomes longer.

IV. DISCUSSION AND SUMMARY

Despite the fact that many experiments have shown that the

number of nucleotides packaged by capsid proteins increases

with the number of charges on N-terminal tails, how the

amount of encapsidated RNA depends on the distribution of

the charges along and the length of the N-terminal domain of

capsid proteins is not well understood. Our results presented

in Fig. 5(b) for T = 1 capsid and Fig. 7 and Fig. 9 for T = 3

viruses show that the electrostatic interaction alone is not suf-

ficient to explain the dependence of the amount of packaged

RNA on the amino sequence of N-terminal tails in the BMV

experiments [14]. For example, the amount of packaged RNA

is different for the mutant 2HA15 and 2HA7 as illustrated in

Fig. 2 whereas both have the same number of charges, very

similar charge distribution, and the same peptide length. This

reveals the importance of specific interactions that depend

on the exact type of amino acids, RNA secondary or tertiary

structures, and packaging sequences or signals, which involve

the highly specific, nonelectrostatic interactions between sec-

tions of RNA and capsid proteins [8,9,42]. Our mean-field

theory does not include this effect and thus cannot explain the

experimental observation due to specific interactions; never-

theless, our theory can describe how the length of N-terminal

tails and distribution of charges along the peptide control the

amount of RNA packaged by BMV capsid proteins, consistent

with the experimental data.

The simple case of two charges on the N-terminal tails

of the T = 1 capsid (Fig. 5) shows clearly that when the

distance between two positive charges increases, the optimal

length of RNA encapsulated into the capsid also increases.

A careful examination of Eq. (1) shows that the length of

the encapsulated polyelectrolyte increases with the distance

in order for the chain to be uniformly distributed between the

two charges, lowering the entropy contribution [the first term

in Eq. (1)] as much as possible. Figure 5 shows that the opti-

mal length of the genome saturates and remains more or less

constant beyond a certain distance between the two charges.

This is mainly due to the fact that the optimal length of the

genome for T = 1 is such that the density of the genome is

low. When the distance between the charges is more than two

Debye lengths (λD = 0.438 nm for µ = 500 mM), the elec-

trostatic interaction becomes very weak between the distant

charges. It appears that the chain then prefers to reside only

in the immediate vicinity of each positive charge along the

peptide. More specifically, as the distance between the charges

increases, the electrostatic does not promote encapsidation of

longer genomes. Thus, the optimal length of the genome first

increases and then it remains constant even if the distance

between the charges increases further.

Figure 7 shows that the case for the T = 3 structure rel-

evant to BMV experiments is more complex. As seen in the

figure, the mutant 4R whose charge is increased by sub-

stitution instead of insertion (keeping the length constant)

has less encapsidated RNAs than do 2H7 and 2H15, while

all three mutants have the same number of charges on their

tails. Our calculations reveal that since 2H7 and 2H15 have

longer N-terminal tails, a longer genome is necessary for the

chain to uniformly wrap around the tail keeping the entropic

contribution in Eq. (1) low. However, the difference between

the length of the genome encapsidated by wild-type proteins

and the mutant 2HA15 proteins whose N-terminal length is

increased by insertion of eight neutral amino acids is not as

pronounced in our theory as in the experiments. This could be

explained at least in part by the distance between the charged

amino acids in the peptide. To understand the impact of the

distance between the charges, we systematically examined the

effect of the distance between the charges in the middle of the

N-terminal tail as illustrated in Fig. 9. The results presented

in the figure are quite intriguing as the optimal length of

the genome first increases and then decreases for the three

different salt concentrations presented in the figure.

The large distance between the two charges along the N-

terminal tail provides more space for the genome to reside.

The careful examination of Eq. (1) shows that due to the

entropic consideration, the genome will be distributed more or

less uniformly along the N-terminal leading to the packaging

of longer genomes. However, as the distance between the

charges increases and goes beyond two Debye length (λD =

0.438 nm for µ = 500 mM, λD = 0.565 nm for µ = 300 mM,

and λD = 0.979 nm for µ = 100 mM), the optimal length of

RNA becomes shorter. This effect can be well understood by

investigating the genome profiles presented in Fig. 8. When

the distance between the fourth and fifth charges is very large,

there will be two distinct peaks in the genome profile with

almost no nucleotides between the charges indicating that the

negatively charged RNA prefers to be localized mainly around
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the positive charges. Figure 9 indicates that as the distance be-

tween the charges increases, at some point the optimal length

of encapsidated RNA decreases resulting in the lower polymer

density, which also reduces the entropy cost of formation of

two completely separate peaks. Since the Debye length is

longer for lower salt concentrations, the optimal length of

the genome starts decreasing at d = 1.8 nm for µ = 100 mM

[2HA15(M3)], d = 1.4 nm for µ = 300 mM [2HA15(M2)],

and d = 1.0 nm for µ = 500 mM [2HA15(M1)]. While the

behavior is the same for all three salt concentrations, the

effect is less pronounced as the salt concentration decreases.

Figure 11 further supports that for a given length and number

of positive charges, the more uniformly charges are dispersed

along the N-terminals, the longer the optimal length of the

encapsidated genome becomes.

We emphasize that the goal of this paper has been to

qualitatively explain the experimental results and to explore

the impact of entropy and electrostatic interaction that depend

on the distance between the charges and not the details of

protein structures. A better quantitative comparison between

the experiments and theory can be obtained if the theory

includes many other effects such as counter-ion condensation,

the presence of divalent ions, the structure of proteins, and the

packaging signals discussed above.

In summary, in this paper we explore whether the vari-

ation in RNA packaging by BMV mutants observed in the

experiments of Ni et al. and presented in Fig. 2 [14] can be

understood by the mean-field theory incorporating electrostat-

ics, excluded volume interaction, and RNA conformational

entropy. In particular, we have calculated, as a function of the

number and location of charges in the peptide tails, the free

energy of an RNA confined in a spherical shell interacting

with the N-terminal tails and ions. We find that the com-

bined effect of the electrostatic interaction and the genome

entropy considerations can shed light on many experimental

data relevant to BMV assembly. While our mean-field theory

cannot explain all the experimental data, we have been able

to show that the location and the distance between charges

along the N-terminal tails significantly influence the amount

of packaged RNA. Understanding the factors contributing

to the virus assembly and RNA packaging will pave the

path for interfering with the different stages of the virus life

cycle.
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