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Abstract

Crystallization is a fundamental and ubiquitous process that is well understood in case of atoms or 

small molecules, but its outcome is still hard to predict in the case of nanoparticles or 

macromolecular complexes. Controlling the organization of virus nanoparticles into a variety of 

3D supramolecular architectures is often done by multivalent ions and is of great interest for 

biomedical applications like drug or gene delivery, biosensing as well as for bionanomaterials and 

catalysis. In this paper, we show that slow dialysis, over several hours, of wild type Simian Virus 

40 (wt SV40) nanoparticle solution against salt solutions containing MgCl2, with or without added 

NaCl, results in wt SV40 nanoparticles arranged in a body cubic center (BCC) crystal structure 

with Im3m space group, as a thermodynamic product, in coexistence with soluble wt SV40 

nanoparticles. The nanoparticle crystals formed above a critical MgCl2 concentrations. Reentrant 

melting and resolubilization of the virus nanoparticles took place when the MgCl2 concentrations 

passed a second threshold. Using synchrotron solution X-ray scattering we determined the 

structures and the mass fraction of the soluble and crystal phases as a function of MgCl2 and NaCl 

concentrations. A thermodynamic model, which balances the chemical potentials of the Mg2+ ions 

in each of the possible states, explains our observations. The model reveals the mechanism of both 

the crystallization and the reentrant melting and resolubilization and shows that counterion entropy 

is the main driving force for both processes.

Graphical Abstract

uri.raviv@mail.huji.ac.il, Phone: +972-2-6586030. Fax: +972-2-566-0425. 

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI:
Validation of the ideal gas approximation for the 10 mM MgCl2 signal; justification of the decoupling approximation with β = 1; peak 
indexing and shape, lattice planes, and phase fitting results; Electrophoretic mobility measurements; free energy for crystallization 
(PDF).

HHS Public Access
Author manuscript
ACS Nano. Author manuscript; available in PMC 2019 June 01.

Published in final edited form as:
ACS Nano. 2017 October 24; 11(10): 9814–9824. doi:10.1021/acsnano.7b03131.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Small Angle X ray Scattering; reentrant condensation; crystallization; resolubilization; like charge 
attraction; bridging interactions; SV40

Crystallization is a common fundamental process that is fairly understood in the case of 

atoms or small molecules. The conditions that lead to crystallization of nanoparticles and 

large supramolecualr assemblies, however, are still hard to predict. Assembly and 

crystallization of virus nanoparticles and other nanoparticles are of great interest owing to 

the potential use of the forming structures in bionanomedical and bionanomaterial 

applications.1 Virus nanoparticles may be fabricated into functional nanosanotructure 

devices, serve as protein nanocapsules, nanocarriers for metalic nanoparticles, drug or gene 

delivery, biosensors, or as nanoreactors for catalysis.2–5 Virus nanoparticles may assemble 

into a range of superstructure cages that are partially ordered or crystals.6–8 Virus crystals 

can serve as templates for porus materials or ordered solids containing nanoscopic order.9 

The surfaces of virus nanoparticles display charges and the behavior of virus nanoparticles 

in salt solutions containing monovalent and/or multivalent ions is therefore of great interest 

for both fundamental and practical reasons.

Charged interfaces in water or monovalent aqueous salt solutions have counterions that 

dissociate from the surface into the solution. The counterions are attracted to the charged 

surface but owing to their thermal energy they dissociate from the surface and their density 

profile follows Boltzmann’s distribution.10,11 The number of positive and negative ions is 

equal and so does the number of attractive and repulsive electrostatic interactions. However, 

the fact that the counterions are distributed away from the charged surfaces results in a net 

repulsive interaction between two like-charged surfaces.12 When aqueous salt solutions 

contain multivalent ions, above some critical concentration, c*, counterion condensation and 

strong correlation effects may lead to net attraction between like-charged interfaces.13–16

Like-charged attraction can lead to nanoparticle or polymer condensation and formation of 

charged complexes or crystals. The factors that determine whether the net interaction is 

repulsive or attractive include the surface charge density, the flexibility of the interface or 

chains, the structure and charge-density of the multivalent counterions, the solution 

concentrations of the nanoparticles/molecules and salts, and the geometry of the interfaces; 

spherical (colloidal particles, for example), chain coated particles (for example, DNA-coated 
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nanoparticles), cylindrical/rod-like (like microtubule or actin), flat (charged lipid bilayers), 

semiflexible chains (like DNA) or flexible chains (like sodium polystyrene sulfonate).17–39

When the concentration of the multivalent ions is further increased beyond a critical value, 

c** (where c** > c*), the total interaction switches from attractive to repulsive and leads to 

reentrant melting and resolubilization of the nanoparticles/molecules.34–38,40–44

Proteins surface, as opposed to polyelectrolytes or charged colloids, present a complex, 

nonuniform pattern of charged, polar, and hydrophobic residues, which can be tuned by pH.
45 The charge patterns together with distinct local topologies may result in an involved phase 

behavior as a function of solution conditions.46 Both the chemical character of the charge 

groups on the surface of the protein and the specificity of the counterions have important 

implications for the interactions and the structures that form.40,47 Protein condensation and 

reentrant melting and resolubilization has also been observed in the presences of multivalent 

ions.43,44

Isolated nucleosome core particles (NCPs) contain negatively charged DNA and protein with 

positively charged groups. The condensation and reentrant phase diagram of NCPs had been 

systematically studied using different multivalent cations.48–50

Spherical virus nanoparticles can be considered as small colloids with a patchy (charged) 

outer surface. Virus microcrystals may also form when osmotic pressure is applied.51 The 

osmotic stress is needed to overcome the repulsive electrostatic interaction between the virus 

nanoparticles.

In this paper, we focus on the effect of divalent Mg2+ cations on the interactions and phase 

behavior of wild type Simian Virus 40 (wt SV40) nanoparticle solutions. SV40 is a small 

non enveloped, icosahedral virus and a member of the polyomavirus family. Its genome is a 

5.2 kbp circular double stranded DNA (dsDNA) that is warped around host histones forming 

a minichrimosome structure.52,53 The virus external diameter is ca.48nm.54 The viral capsid 

is composed of three types of structural viral proteins (VPs): VP1, VP2 and VP3.54,55 The 

major capsid building block is a VP1 pentamer (VP15) where 72 VP15s form the outer 

surface of the capsid that posses a T=7d symmetry.54,56

We found that slow dialysis of wt SV40 nanoparticles solutions against MgCl2 solutions, 

with and without added NaCl, over several hours, gave a thermodynamic product of wt 

SV40 nanoparticles arranged in a body cubic center (BCC) crystal structure with Im3m 

space group. We explored the crystallization and reentrant melting and resolubilization 

phase diagram of wt SV40 nanoparticles solution that was coupled to a reservoir solution 

containing different concentrations of MgCl2, with or without added NaCl. The crystal 

structure and the mass fraction of soluble wt SV40 nanoparticle and wt SV40 crystals were 

determined using synchrotron solution Small Angle X ray Scattering (SAXS). We also 

present a thermodynamic model that accounts for both the crystallization and the reentrant 

melting and resolubilization, and is consistent with our experimental data. In this model, the 

virus crystal formation and reentrant melting and resolubilization are attributed to the 

balance between the Mg2+ adsorption and bridging interactions and the chemical potential of 

the Mg2+ ions in the bulk solution.
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Results and discussion

MgCl2 induces crystallization of wt SV40 into a BCC (Im3m) crystal

Figure 1 shows the scattering curve from wt SV40 at varying MgCl2 concentrations (0.01 – 

1 M), with and without added 0.5 M NaCl. A BCC crystalline phase with space group Im3m 

appeared when the MgCl2 concentrations were between 20 and 300 mM, when no salt was 

added. When 0.5 M NaCl was added, BCC crystals were observed between 100 and 400 

mM MgCl2. A similar BCC was published in the crystallographic data, protein data bank 

(PDB) ID 1SVA.54 In a BCC lattice, the observed peaks comes from crystal planes that the 

sum of their Miller indices is even. The indexation of the peaks and the assignment of the 

relevant planes are presented on a selected signal in Figure S6 and Table S1. The unit cell 

parameters and the symmetry space group did not change with MgCl2 or NaCl 

concentrations. To emphasis the structure factor contribution to the signal, the scattering 

curves were divided by the form-factor of the virus that was multiplied by a scaling factor to 

account for possible variations in the total virus concentrations.

For the data set with no added NaCl the line-shape of the peaks in Figure 2a suggests that 

there were two BCC crystalline phases with slightly different unit cells. Therefore, the fitting 

of the normalized signal to Eq. 21 included parameters of two slightly different BCC lattice 

unit cells. Our results indicate that there was a dense BCC phase with a unit cell vector of 

55.9 nm, which is close to the unit cell (55.8 nm) obtain previously by crystallography, using 

different buffer conditions.54 The second phase has a slightly larger unit cell vector of 

56.7nm. We attribute the existence of these two phases to the relatively short incubation time 

of the virus solution in the relevant MgCl2 bulk solution (10 ± 2 h), This time scale is 

probably too short for attaining full equilibrium. It is important to note that the differences in 

the q values of the peak centers between these two phases is above the measurement 

resolution (as explained and demonstrated in Section 3.1 in the Supporting Information (SI) 

and Figure S7).

We expect that at equilibrium condition only one BCC structure will be visible. In contrast, 

the structure factor results in the presence of NaCl, that are presented in Figure 2b, could be 

fitted by considering only one crystal phase with a unit cell vector of size 56.3 nm. It is of 

interest to note that this value happens to be the average of the two lattice vectors when no 

NaCl was added. The fitting results for the peaks positions for the three unit cells sizes are 

give in Table S2. The differences between the two experiments could have originated from 

slight differences in the crystal formation kinetics, in inter-virus interaction strength, slight 

variation of the form factor with or without added NaCl or differences in the measurement 

resolution between setups. It is important to note that the fraction of the crystalline phase 

was lower when NaCl was added and further limited the ability to distinguish between two 

adjacent peaks. The variation in the distance between the center of mass of two virus 

particles that are in contact within the BCC crystal was between 4 and 8 Å. This variation 

did not change the solubility results presented in Figure 3 (scattered points) and was not 

taken into account in the fitted model (solid curves in Figure 3).
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The solubility of wt SV40 changed nonmonotonically with MgCl2 concentration

The mass fraction of the soluble virus, χs, was obtained by fitting of the normalized 

scattering curves to Eq. 21. Figure 3 shows that χs changed nonmonotonically with the 

concentration of MgCl2 in the bulk solution. The crystalline phase first appeared when the 

bulk MgCl2 concentration was increased above a threshold concentration, c*. Further 

increase of the MgCl2 concentration increased the mass fraction of the crystalline phase, up 

to a maximal point (minimum solubility of the virus). Additional increase of the 

concentration reversed the process and resolubilized the virus particles in the crystal state, 

until a second threshold, c** was reached, above which all the virus particles were soluble. 

c* and c** defined the range of MgCl2 concentration where the two phases (soluble and 

crystalline) coexisted.

Addition of monovalent salt concentration changed c*

We can see from the experimental data in Figure 3 that the window of concentrations 

between c* and c** changed by adding monovalent salt in addition to the MgCl2. The value 

of c* increased from between 10 and 20 mM to somewhere between 50 and 100 mM. This 

shift is consistent with an effective weaker affinity of the Mg2+ ions to the exposed virus 

acidic sites, in the presence of Na+ ions that compete for the same sites.47 The data points 

are too sparse to determine if c** changed or not.

NaCl or spermine alone did not crystallize wt SV40

Figure 4 shows that when NaCl or spermine salt solutions were added to wt SV40, no virus 

crystals formed. NaCl has monovalent ions and therefore was unable to bridge virus 

particles. Spermine, however, has a tetravalent positively charged ion, which could bridge as 

it does, for example, with nucleosome core particles,48 DNA,26 microtubule,27–29 or actin.58 

It is of interest to note that dipolar lipid bilayers with saturated tails, can adsorb a range of 

multivalent ions, like Ca2+ or Mg2+, but not NaCl or spermine.59–61 The electophoretic 

mobility of the virus particles was measured after dialysis against MgCl2 or spermine 

solutions at concentrations similar to the SAXS measurements (see Sec. 4 in the SI and 

Figure S9). The results show that both Mg2+ and Spm4+ can bind the virus surface and 

change its mobility, and hence it surface-charge sign, from negative to positive. Whereas the 

Mg2+ binding condensed the virus particle into a crystalline phase, the binding of spermine 

did not. These results suggest that some level of ion specificity controls the condensation of 

the viral particles rather than purely the net surface charge of the viral nanoparticles.

Chemical reaction

To explain our findings with MgCl2, we propose a simple model (illustrated in Figure 3) that 

is based on the specific adsorption of Mg2+ onto negatively charged sites on the outer 

surface of the virus capsid. We attribute the formation of the virus crystal to Mg2+ ions that 

act as bridging agents and connect between virus particles.62 The reaction is therefore:

n V ⋅ Mgms
2 +

(aq)

MgCl2 V ⋅ Mgmc
2 +

n(s)
(1)

Asor et al. Page 5

ACS Nano. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



V represent the virus, n is the mean number of virus particles in a crystal domain, ms and mc 

are the number of Mg2+ ions that adsorb per virus in the soluble and crystalline states, 

respectively. The MgCl2 concentration was fixed by the large volume of the dialysis 

solution. At equilibrium, the relative amounts of the virus at each state depend on the 

supersaturation state of the solution. Above the virus solubility threshold, Cs, the mass 

fractions of the two states (soluble and crystal) are defined as 
Cs

Ctot
 and 

Ctot − Cs
Ctot

, where Ctot 

refers to the total virus concentration. Cs is a function of the MgCl2 concentration. Our 

model predicts the solubility threshold as a function of MgCl2 concentration in the bulk, by 

minimizing the free energy of a solution containing the virus at the two states.

Thermodynamic model

In our model the total free energy of the system, Ftot is therefore the sum of the virus free 

energies in the crystal, Fc, and in the soluble, Fs, states

Ftot = Fs + Fc . (2)

Fs has two contributions, the free energy of the adsorbed Mg2+ cations on the soluble virus, 

F
Mg2 +
s , and the solution entropy of the soluble virus. The following model suggests a very 

simple mean-field explanation to the observed crystallization and resolubilization of the 

spherical virus nanoparticles induced by bridging interaction of Mg2+ ions.

Crystallization and resolubilization of wt SV40 depend on the chemical potential of Mg2+

wt SV40 has a sphere-like structure with an outer surface that is tiled with negative (acidic), 

positive (basic) or neutral (polar or non-polar) residues. The negative patches are the 

potential Mg2+ binding sites where bridging interactions may occur. The model includes Ns 
potential surface binding sites per virus. These sites can be unoccupied (hydrated carboxylic 

group) or occupied by adsorbed Mg2+. Each site that adsorbs a Mg2+ ion may be in one of 

the following three possible states: an adsorbed cation on the surface of a soluble (s) virus, 

an adsorbed cation that bridges (b) two adjacent virus particles and an adsorbed cation on 

the surface of the virus in the crystal phase that does not participate directly in the bridging 

interaction (non-bridging, nb).

The model assumes fixed virus concentration (or volume fraction), temperature, and 

pressure. The solubility threshold, and therefore the partition between the two states, is a 

function of the difference in the virus standard chemical potentials between the soluble and 

crystallized states. We assumed that changes in the free energy are mainly owing to changes 

in the partition of the adsorbed Mg2+ cations in their different possible states. The partition 

between the soluble and crystalline states results from minimizing the excess free energy of 

the adsorbed Mg2+ cation with respect to is standard state under the constraint of a fixed 

Mg2+ chemical potential in the bulk. The total free energy change of the adsorbed Mg2+ 

cations is given by
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ΔF
Mg2 +
tot = ΔF

Mg2 +
s + ΔF

Mg2 +
c (3)

The free energy change for the adsorbed Mg2+ cations on the surface of a soluble virus is 

given by the ideal lattice gas approximation63

βΔF
Mg2 +
s = Ns θsϵs + θs lnθs + 1 − θs ln 1 − θs . (4)

β = 1
kBT , kB is Boltzmann’s constant, Ns is the total number of acidic binding sites on the 

outer surface of a virus, and θs is the Mg2+ coverage fraction of acidic sites on a surface of a 

soluble virus. ϵs is the free energy change for adsorption of one Mg2+ ion onto an acidic site 

of a soluble virus, namely replacing the sodium counter ion with the magnesium ion from its 

standard state in the bulk. The number of adsorbed ions per soluble virus is therefore 

Ns
f = Nsθs.

In the same manner, we can write the free energy for the adsorbed Mg2+ cations on the 

surface of the virus in the crystal. In this case, the free energy change is divided into two 

terms; the first term describes the free energy change for the adsorbed cations on the contact 

surface where it acts as a bridging agent (b) and the second term is associated with adsorbed 

cations on the rest of the virus surface that do not take part in the bridging interaction (nb). 

According to our model the free energy change is given by

βΔF
Mg2 +
c = Nb θbϵb + θb lnθb + 1 − θb ln 1 − θb

+ Nnb θnbϵnb + θnb lnθnb + 1 − θnb ln 1 − θnb

(5)

where the total number of binding sites on the surface is fixed Nb + Nnb = Ns. In our model 

we assume that only a fraction, fp, of the virus pentamers can participate in the bridging 

interaction to form the BCC crystal structure, therefore, we can write Nb = fpNs and Nnb = (1 

– fp) Ns. The equilibrium occupation numbers for the different adsorption sites can be 

determine by minimizing the total free energy with respect to the different coverage 

fractions θi =
Ni

f

Ni
 where i ∈ (s, b, nb), under a fixed chemical potential of the bulk. At 

equilibrium this is equivalent for demanding the equality of the chemical potentials of the 

Mg2+ at all states

μ
Mg2 +
s = μ

Mg2 +
b = μ

Mg2 +
nb = μ (6)

where
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μ
Mg2 +
i =

∂ΔF
Mg2 +
tot

∂Ni
f

N j ≠ i
f T , p, Ns

= ϵi + ln
θi

1 − θi
(7)

and μ is the bulk chemical potential that is given by μ = ln a
Mg2 + , where a

Mg2 + is the 

activity of Mg2+ cations in the bulk. Using the equilibrium condition (Eq. 6), we derived the 

different coverage fractions as a function of the bulk concentration of MgCl2,

θi(μ) = 1
1 + exp ϵi − μ

. (8)

We can now use this result to derive an expression for the chemical potential of the virus in 

its soluble and crystalline state as a function of the chemical potential of Mg2+ in the bulk. 

The chemical potential of the soluble virus is given by

μsoluble = Nsθsμ + ln
Cs

Cs, o
. (9)

The first term represents the contribution of the Nsθs adsorbed Mg2+ cations per virus and 

the second term represents the solution entropy of the virus. Cs is the solubility of the virus 

at a given MgCl2 concentration (in units of volume fraction) and Cs,o is a scaling parameter 

to set the solubility of the virus with no added MgCl2 (the reference state). Similar 

expression for the chemical potential of the virus in the crystal state is given by

μcrystal = 0.5 f pNsθbμ + 1 − f p Nsθnbμ (10)

where fp is the fraction of virus surface that participates in bridging interaction. In the last 

expression we neglected the entropy term of the crystal state. The factor of 0.5 accounts for 

the fact that each bridging ion interacts with two adjacent virus particles. At equilibrium 

μsoluble = μcrystal and the expression for the solubility is given by

Cs = Cs, oexp μΔN
Mg2 + (11)

where ΔN
Mg2 + is the difference in the number of adsorbed Mg2+ cations per virus between 

the crystal and the soluble states that is equal to
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ΔN
Mg2 + = Ns 0.5 f pθb + 1 − f p θnb − θs (12)

The expected fraction of soluble virus as a function of the concentration of the bulk MgCl2 

can then be derived by the supersaturation condition χs =
Cs

Ctot
 where the value of χs is 

between 0 and 1. Eq. 12 was plotted in Figure S10 and discussed in Sec. 5 in the SI.

Estimating the values of model parameters

To compare the prediction of the model with the experimental result one needs to estimate 

the values of the parameters. We set the interaction surface area per contact between two 

virus particles to be equal to the outer surface area of one pentamer. Therefore, fp, the 

surface fraction for the bridging interaction, was set to 8 72 for the BCC lattice. The number 

of potential binding sites per pentamer was estimated by the number of the acidic residues 

(Asp and Glu) that are found on the outer surface of a pentamer and are accessible for 

interaction with adjacent pentamer. We estimated this number from the crystal structure of 

the VP1 pentamer (1SVA). The number of acidic resides was found using PvMol software57 

and for estimating the protonation state we used H ++ server.64 From the crystal structure 

there are 3 or 4 acidic residues per monomer that are accessible for the interaction. The 

calculated pKa vales were between 0.74 and 3.38. Therefore, the number of available 

binding sites per pentamer, N, was estimated to be between 15 and 20. The solid curves in 

Figure 3 were obtained with N = 20. The results, however, did not change considerably 

when N was 15. The reference state, Cs,0, was set to 0.68 which is the volume fraction of 

spheres that form a BCC lattice geometry.65 The initial virus volume fraction was estimated 

by the following equation

Ctot =
CVP1

103Mw, VP1
Nav

1
5 × 72VSV40 (13)

where CVP1 is the VP1 monomer concentration (≈ 1 mg/ml), Mw,VP1 is the molecular 

weight of the monomer (40kDa), Nav is Avogadro number, and VSV40 is the volume of the 

virus that was calculated by assuming the virus to be a sphere with an outer diameter of ~50 

nm. Inserting these parameters to Eq. 13 gave an initial volume fraction of 2.74 × 10−3. To 

estimate the chemical potential of Mg2+ we calculated the Mg2+ activity coefficient as a 

function of MgCl2 concentration using the Khoshkbarchi and Vera Eq.66 The activity 

coefficients are given for solutions of MgCl2 in water. We used the same values also when 

0.5 M NaCl was added. Although added NaCl could have changed the activity of the Mg2+ 

ions, small variations in the activity results in a small scale prefactor on the Mg2+ adsorption 

energies (ϵi), without changing the overall dependence of the virus solubility on the MgCl2 

concentrations. ϵi were fitted to describe the experimental results, assuming that ϵs = ϵnb.
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The thermodynamic model reproduces the measured virus solubility

Figure 3 compares the experimental with the calculated virus solubility as a function of the 

MgCl2 concentration in the bulk. The binding free energies, ϵs and ϵb, were the only fitting 

parameters required to reproduce the experimental data. Figure 5 shows more clearly the 

shift in the calculated coexistence concentration window (c* and c**). The free energy 

change for the crystallization process, μΔN
Mg2 +, is equivalent to the logarithm of the virus 

solubility ln 
Cs

Cs, 0
. By plotting ln 

Cs
Cs, 0

 as a function of the concentration of MgCl2 in the 

bulk, we obtain the virus phase diagram, as was previously done for short dsDNA fragments.

41 The horizontal line, ln 
Ctot
Cs, 0

, is solution entropy gain from dissolving the total virus 

concentration. At virus concentrations, where the solution entropy gain (horizontal line) is 

below the crystallization free energy curve, all the virus is in the soluble phase. At virus 

concentrations at which the horizontal line is above the crystallization curve, a coexisting 

state of the two phases is expected. In our model the change in the total free energy is 

controlled by the chemical potential of the bulk Mg2+ cations, μ, that acts as a generalized 

force. The response of the system to this force is to change ΔN
Mg2 +

, by controlling the 

relative fractions of the crystalline and soluble phases.

The experimental results are explained by the model. The horizontal black line is the 

experimental ln 
Ctot
Cs, 0

 as was estimated by Eq. 13. At low MgCl2 concentration this line is 

below the crystallization free energy curve and therefore the only visible phase is soluble 

virus. As the MgCl2 concentration increases the two lines intersect at concentration c*. At 

higher MgCl2 concentrations the black line is above the crystallization free energy curve and 

at this region the fraction of the crystalline phase is proportional to the distance between the 

black line and the crystallization curve. Above the second intersection point, c**, the stable 

state is again the soluble virus. At high MgCl2 concentrations, the bulk Mg2+ ion chemical 

potential increases (owing to the low solution entropy of the ions). The system reacts by 

increasing the number of Mg2+ ions that bind to the possible virus acidic sites and as result, 

resolubilizing the virus.

Figure 5 can be examined in order to predict the effect of changing the the total virus 

concentration and monovalent salt concentration. The thermodynamic model predicts that at 

constant concentration of monovalent salt, upon increasing the total concentration of the 

virus, c* and c** will be shifted so that the coexistence window will be wider. The point of 

maximum crystallization, however, will remain constant. At constant virus concentration, 

upon addition of monovalent ions, the point of maximal crystallization is shifted towards 

higher concentrations up to a point where crystallization will not be possible even at very 

high divalent salt concentrations. The minimum virus concentration that is required for the 

crystallization is increasing with the addition of NaCl. Similar observations were reported 

for DNA and nucleosome core particles.40,67
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Binding free energy

In our mean field model we assumed that the main contribution to the free energy change in 

bringing two virus particles into contact, comes from short-ranged interaction of the Mg2+ 

cations with the carboxylic groups on the solvated outer surface of the virus. We did not 

include terms for the contribution of long-ranged electrostatic interactions in our model (the 

variation in the binding energies, ϵi, is effectively accounting for some of the contribution). 

As the observations were essentially similar in the presence of 500 mM NaCl, where the 

crystalline phase first appeared at 100 mM MgCl2, supports our assumption that the 

contribution of long-ranged electrostatic interactions was minimal. When 0.5 M NaCl was 

added, the screening length was very short (~3 Å), and diminished any contribution of this 

type of long-ranged electrostatic interactions.

Furthermore, without added NaCl, a crystalline phase appeared even at 300 mM MgCl2, 

where the screening length is small (~3Å). In addition, at MgCl2 concentrations where no 

crystals appeared we did not observed any positional correlations at low q in our SAXS 

curves that could have been resulted from long-ranged electrostatic interactions.

We attribute part of the short-ranged interactions to the entropy gain in releasing a pair of Na
+ and Cl− ions to the solution upon binding of one Mg2+ cation to the soluble state of the 

virus and two pairs when the Mg2+ cation bridges two virus particles in the crystalline 

phase. Additional contribution for the free energy of binding may include the change in 

hydration of the binding site and of the Mg2+ cations as proposed previously for trivalent 

ions68 and for nonelectrostatic interactions between the Mg2+ cations and the carboxyl 

(rather than phosphate) groups.47 The adsorption of divalent cations may increase the 

hydrophobic character of the adsorption site, hence, bridging becomes more favorable.

In this work we tested the effect of increasing the monovalent salt concentration in the 

reservoir. We expect that the free energy gain owing to Na+ and Cl− counterions release will 

be lower as the reservoir already contains a large amount of these ions. The influence of the 

added NaCl on the binding free energy, ϵb and ϵs, is illustrated in Figure 6. When the NaCl 

bulk concentration was higher, both ϵb and ϵs decreased, owing to competition between the 

Mg2+ and Na+ ions on the virus binding acidic sites.47 This effect is equivalent to a shift in 

the reference state of the Mg2+ chemical potential in the reservoir, based on which the 

binding free energy gain is obtained. As a result, higher MgCl2 concentrations were required 

to induce crystallization in the presence of 0.5 M NaCl. The change in the energy gap Δϵ = 

ϵb − ϵs, decreased by 5% when NaCl was added, as the net free energy gain from bridging 

does not depend on the above competition.

Conclusions

In this paper we showed how a slow dialysis of wild type Simian Virus 40 (wt SV40) 

nanoparticles against MgCl2 solutions, with or without added NaCl, can form BCC crystals 

(with space group Im3m) of wt SV40 nanoparticles in coexistence with soluble virus 

nanoparticles, when the MgCl2 concentration exceeded a critical concentration, c*. When 

the MgCl2 concentration was further increased and exceeded a second threshold, c** > c*, 

reentrant melting and resolubilization of the virus nanoparticles was observed. The window 
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at which the crystals formed depended on the concentration of added NaCl. The observation 

can be explained by a simple thermodynamic model. The model balances the Mg2+ ion 

chemical potential in solution with the chemical potentials of the Mg2+ ions that adsorbed 

onto the virus nanoparticles or formed salt bridges between neighboring virus nanoparticles. 

The model shows that the entropy of the counterions is the dominant driving force for the 

entire process.

Methods

wt SV40 purification

A monolayer of CV1-PD cells was infected with wt SV40 at multiplicity of infection (MOI) 

= 0.05. The infected cells were incubated between 5 and 6 days at 37 °C until more than 

50% of the cells were deformed and detached from the surface. Harvest was performed 

according to the di-detergent method69 in which cell lysis was induced by adding 

deoxycholate and TritonX-100 at final concentrations of w v% and v v%, respectively. Cell 

debris was precipitated by centrifuging the dispersion in 50 ml tubes at 4 °C and 3000 RPM 

for 30 min using Sorvall RT7 centrifuge and RTH-250 rotor. The supernatant was then 

transferred to 40 ml Beckman polyallomer tubes (cat# 331372) and the virus was 

precipitated by ultracentrifugation using TST-28 rotor at 25,000 RPM for 4h. The 

supernatant was discarded and 0.5 ml of phosphate-buffered saline (PBS) were added on top 

of the virus pellet. The tubes were then closed and left overnight for resuspention at 4 °C. 

Following resuspention, the pellets were transferred to 2 ml eppendorf tubes and suspended 

by sonication in ice cooled water using ultrasonic processor XL sonicator. The virus 

suspension was added to a 2.7 M CsCl solution and the refractive index was adjusted to 

1.3655 using Abbe-3L refractometer. The virus suspension was then ultracentrifuged in 5 ml 

Beckman polyallomer tubes (cat# 326819), in SW50.1 rotor at 40,000RPM and 4 °C for 24 

h. Following ultracentrifugation two blue bands were visible under scattered light along the 

tube. The lower band, at the middle of the tube, contained wt SV40 particles whereas the 

upper band had empty or partially empty capsids.

The lower band was pulled and re-banded. The fractions were analyzed to asses wt SV40 

protein content using SDS-polyacrylamide gel electrophoresis (Novex WedgeWell 412% 

Tris-Glycine) with Coomassie-Blue staining (Instant blue stain, Expedeon) and the DNA 

content was estimated using 260:280nm absorption ratio70 measured by a nanodrop 

spectrophotometer (Nanodrop 2000c, Thermo Scientific).

Samples preparation for SAXS measurements

Wt SV40 samples were dialvzed against NaCl solutions, MgCl2 solutions with or without 

added 0.5 M NaCl or lower concentrations of spermine solutions. For the high spermine 

concentrations (above 5 mM) the samples were prepared by adding high concentration salt 

solutions to the 5mM sample. The dialysis was preformed at 4 °C using GeBa Mini dialysis 

tubes (Gene Bio Application Ltd, cat# D070–6). Two cycles of dialysis were conducted, 1.5 

h each, against bulk solutions that their volumes were ×1000 the volume of the wt SV40 

sample. The samples were then equilibrated at ambient room temperature for ca. 10 ± 2h, in 
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the dialysis tube, before they were transferred to a flow cell capillary for solution SAXS 

measurements.

SAXS measurement setup and data reduction

SAXS measurements were preformed in the P12 beamline of the EMBL located at the 

PETRA III storage ring (DESY, Hamburg),71 the SWING beamline at Soleil Synchrotron 

(GIF-sur-YVETTE)72 and at the ID02 beamline at the European Synchrotron Radiation 

Facility (ESRF) in Grenoble.73 Measurements were taken at 25°C. The SAXS profiles 

shown in Figure 1a were measured at P12 beamline. The sample to detector distance was 

3.1m and the X-ray wavelength was 1.24 Å, resulting in a q-range from qmin = 0.025 nm−1 

to qmax = 4.8 nm−1, where q is the magnitude of the scattering vector. For each 

measurement, 30 μ1 of sample were injected to a 2 mm thick quartz capillary flow-cell by an 

automated sample changer.74 30 frames were recorded while the sample flew through the 

capillary. The acquisition time per frame was 50 msec and the scattered intensity was 

collected by a single-photon 2D PILATUS 2M pixel detector (DECTRIS). SAXS curves 

shown in Figure 1b were measured at ID02 beamline. The sample to detector distance was 

3m and the X-ray wavelength was 0.92 Å, resulting in a q-range from qmin = 0.029 nm−1 to 

qmax = 2.8 nm −1. For each measurement, in the flow-through capillary cell, 40 μl of sample 

were manually pushed to the capillary position using a syringe and between 10 and 20 

frames were taken while the sample was flowing. The exposure time was 50 msec per frame 

and the scattered intensity was recorded on a FReLoN 16M Kodak CCD detector. The 

scattering curves of SV40 in spermine and NaCl solutions, shown in Figure 4. were 

measured at SWING beamline. The sample to detector distance was 2.6m and the photons 

wavelength was 1.03 Å. The q-range for these measurements was between 0.039nm−1 and 

4.2nm−1. For each measurement 30 μl of the sample were injected to the capillary at a flow 

rate of 1μl sec and 75 frames were recorded while flowing. The exposure time of each frame 

was 750 ms and the scattered intensity was recorded on a PCCD170170 (AVIEX) detector. 

Background measurements of each solution from the dialysis beakers were taken before and 

after each virus sample. The background measurements were required for subtracting the 

contribution of the solvent in the virus solution measurements and to ensure that no protein 

or virus precipitation was left on the walls of the capillary. Data reduction was perform by 

manually selecting between 10 and 40 frames for each virus sample and ~ 50 frames for the 

background measurements and averaging. The averaged background signals were then 

subtracted from the averaged virus signals.

SAXS analysis

In our analysis method we constrained the virus to be in one of the following two states; a 

soluble state and a crystallized state. The scattering from the soluble virus was considered 

within the limit of noninteracting dilute particle solutions. In this limit, we neglected any 

contribution to the scattering intensity that resulted from positional-correlations between 

virus particles. This approximation was justified by the low volume fraction (ca. 10−3) of the 

virus and by the scattering results at low MgCl2 concentrations (with no added NaCl) that 

showed negligible deviation from the expected scattering intensity from an ideal solution of 

noninteracting particles. Further details are provided in section 1 in SI and Figure S1. Under 
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this approximation the scattering intensity from noninteracting N virus particles, 

INvirus particles (q) = NIvirus (q), where Ivirus (q) is the scattering intensity of a single soluble 

virus given by:

Ivirus(q) = FF( q )
2

= −r0∫
V

Δρ( r )exp −i q ⋅ r d r
2

(14)

where the form factor, FF, is the Fourier transform of the electron density contrast of the 

virus with respect to the solvent, Δρ( r ). q  is the elastic momentum transfer vector. In 

general, the brackets 〈…〉 represent average over time, virus orientations in the solution, and 

virus structure polydispersity. Since wild-type virus particles are generally stable and 

monodispersed we shall neglect the polydispersity and time terms in the averaging for the 

rest of this work.

In contrast to the soluble virus, the scattering intensity of the virus in the crystalline state 

depends both on the form-factor of a single virus, FF( q ), and on the contribution from the 

positional correlations within the crystal lattice, usually called the lattice-sum or structure-

factor, SF. The scattering intensity of the crystal of virus particles is given by

Icrystal(q) = |FF( q ) ⋅ SF( q ) |2 = ∑
i

∑
j

FFi( q )FF j*( q )exp − q ⋅ R i − R j (15)

where R i is the position vector located at the center of the i-th virus in the crystal. In this 

equation, each FFi( q ) directly depends on the orientation of the virus with respect to the 

chosen set of axes of the crystal as well as in its structural parameters. To simplify the 

calculation of this averaged sum, one can use the decoupling approximation.75 Under this 

approximation the scattering intensity of the crystalline phase is:

Icrystal(q) ≈ |FF( q ) |2 N + β(q) ∑
i = 1

N
∑
j = 1

N
exp − q ⋅ R i − R j − N (16)

where β (q) is the ratio 
| FF( q ) |2

|FF( q ) |2
. The decoupling approximation is valid in either of the 

following two cases: the orientation of the particle is uncorrelated with its position in space 

(hypothesis H1
75); or if the particle can be approximately considered (up to some resolution 

threshold) as spherical. Within the spherical limit, β (q) = 1 and the intensity is reduced to

Icrystal(q) = |FF( q ) |2 ∑
i = 1

N
∑
j = 1

N
exp − q ⋅ R i − R j = |FF( q ) |2 SFN( q ) (17)
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where SFN( q )  is the orientationaly averaged structure-factor of a crystal with an average 

of N unit cells in positional correlation. As demonstrated in Figure S2, for the SV40 crystal 

Eq. 17 holds up to a resolution at which inter-pentamer correlations contribute significantly 

to the scattering intensity. As the characteristic distance between pentamers is ~ 10nm,76 we 

expect that the resolution limit for the spherical approximation will be at q ≈ 0.6 nm−1.

The structure-factor function was then modeled as a series of peak line-shape functions,

SFN( q ) = ∑
i = 1

n
Ci f i(q) (18)

where Ci and fi (q) are the amplitude and the normalized peak line-shape of the ith 

correlation peak, respectively. n is the total number of peaks up to the q value where the 

spherical approximation holds. fi (q) is given by the pseudo-Voigt function77

f i(q) = ηG q; Γi, qi* + (1 − η)L q; Γi, qi* , (19)

where G q; Γi, qi*  is a Gaussian function whose center is at qi* and its full width at half 

maximum (FWHM) is Γi. L q; Γi, qi*  is a Lorentzian function with the same center and 

FWHM. The parameter η varies between 0 and 1.

As there were no spatial correlations between the soluble and the crystalline states, the total 

scattering intensity profile from each measured sample should correspond to a simple 

summation of the scattering intensity from each state, multiplied by the amount of substance 

in each state. Therefore, the total scattering intensity (in units of mg · ml−1cm−1) as a 

function of MgCl2 concentration and q, is:

Itotal MgCl2 , q = Csoluble MgCl2 Ivirus(q) + Ccrystal MgCl2 Icrystal
N (q) (20)

the coefficients Csoluble and Ccrystal are the concentrations inmg ml  of the soluble virus and 

the crystal with an averaged of N virus particles in positional correlation, respectively. The 

values of both Csoluble and Ccrystal depend on the bulk MgCl2 concentration. The scattering 

intensities Ivirus (q) and Icrystal
N  (q) are given in absolute units of cm−1. Therefore, to 

normalize the signal with respect to their form-factor contribution, each scattering signal 

was divided by the scattering signal from wt SV40 where no structure factor contributions 

were detected (10 mM MgCl2 or 20 mM MgCl2 with added 0.5 M NaCl). When no NaCl 

was added, the scale of the form-factor signal was further multiplied by a factor 0.8 ± 0.01 to 

ensure overlap of the scattering signals at high q, where no structure-factor features were 

detected. We attribute the latter factor to variations in the total virus concentration resulted 

from transferring the samples from the dialysis tubes to the measurement capillary flow cell. 

Partial precipitation of virus particles between loading the samples and measuring them may 
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have also slighly contributed to the value of this factor. The normalized signals were then 

fitted to:

g(q) =
Itotal MgCl2 , q

CtotIvirus(q) = χsol + χcrystal ∑
i = 1

n
Ci f i(q) (21)

where χsol and χcrystal are the mass fraction of virus particles at the soluble and crystalline 

states, respectively. Using X + software developed in our lab,78–80 we minimized the 

following cost function

1
n‖Isignal(q) − g(q)‖ . (22)

Peak indexation and crystal structure determination

We used X+ software,78–80 for correlation peak index assignment and for determining the 

crystal lattice structure. The fitting procedure included an initial scan for finding the crystal 

symmetry group that best represented the measured series of scattering peak center 

positions. After the crystal symmetry was established the size of the unit cell vectors was 

determined by minimizing the total distance between the expected peak center positions, 

p a1, a2, a3 , from a given size of a unit cell vectors and the vector of peak positions, p*, 

obtain from fitting Eq. 21 to the normalized signals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Azimuthally integrated small angle X-ray scattering intensity curves of wt SV40 solution, at 

different MgCl2 concentrations, as a function of the magnitude of the scattering vector, q. (a) 

When no NaCl was added to the dialysis solution, at 10 mM MgCl2 there was no indication 

for the presence of the crystalline phase. This signal was therefore used to determine the 

contribution of the form-factor to the scattering intensity curve that contained a coexisting 

crystalline phase (see Eq. 17). The crystalline phase first appeared at 20mM MgCl2 and 

completely disappeared at 1 M MgCl2. (b) The addition of 500 mM NaCl to the dialysis 

solution shifted the appearance of the crystalline phase to 100 mM MgCl2. This phase was 

not detected at 600 mM MgCl2. For this set of measurements, the scattering signal at 20 mM 

MaCl2 was considered as the form factor contribution.
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Figure 2: 
The structure-factor contribution to the scattering curves in Figure 1, at each MgCl2 

concentration, as a function of q for two sets of measurements: (a) With no added NaCl to 

the solution and (b) with 500 mM that were added to the dialysis solution. The black curves 

in each figure correspond to the normalized signals I([MgCl2]>q)/|FF(q)|2 and the red curves 

represents the best fitted g (q) function described in Eq. 21. The curves are separated by an 

arbitrary scale along the intensity axis, for clarity of presentation. The deviations from the 

structure factor model result from slight changes in the form factors with increasing the 

MgCl2 concentrations. The origin of these deviations is explained in Section 3.2 and Figure 

S8 in the SI.
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Figure 3: 
The fraction of soluble virus, χs, as a function of MgCl2 concentration. The scattered circles 

are the experimentally measured χs obtained from the fitting of the normalized scattering 

curves (Figure 2). The blue circles correspond to the data set with 500mM NaCl and the red 

circles correspond to the measurements without added NaCl. The error bars of the red circles 

represent the maximum possible deviation in the values of the solubility that result from 

multiplying the form factor by a scaling factor of 0.8 ± 0.01, as described in Material and 

Method. The red and blue curves represent the theoretically predicted soluble fractions 

based on our thermodynamic model, in which the Mg2+ adsorption energies ϵs = ϵnb and ϵb 

were −0.805 and −1.851 for the red curve and −0.260 and −1.262 for the blue curve. The 
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number of possible binding sites per pentamer, N, was 20 and the fraction of pentamers that 

can form bridges in the BCC 10 lattice, fp, was 8 72 in both cases. The cartoon illustrates 

crystallization and reentrant and resolubilization processes with increasing the MgCl2 

concentration. The virus cartoon is based on PDB ID 1SVA54 and was created using PyMOL 

software.57
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Figure 4: 
Azimuthally integrated small angle X-ray scattering intensity curves of wt SV40 solution, at 

different NaCl concentrations (a) and Spermine concentrations (b) as indicated in the figure.
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Figure 5: 
Virus supersaturation criterion as a function MgCl2 concentration. The red and blue curves 

are given by μΔN
Mg2 + (Eq. 12) for the two calculated models (0 and 500 mM NaCl 

concentrations). These curves represent the free energy change for crystallization as a 

function of MgCl2 concentration. The black horizontal line corresponds to the log of the 

experimental volume fraction of the virus, Ctot, divided by a reference volume fraction of a 

BCC packaging geometry, Cs,0. Whenever the black line is lower than the red or blue curves, 

the model predicts that only soluble virus is present in the solution. In the concentrations 

range between c* and c**, where the total volume fraction of virus is higher than the 

solubility threshold our model predicts the coexistence of a soluble and a crystalline phases 

with the relative mass fractions of 
cs

Ctot
 and 1 −

cs
Ctot

 respectively.
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Figure 6: 
The resultant adsorption energies in the absence and presence of added NaCl.
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