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S1. DNA pairwise interaction  
Fig. S1 shows the effective interaction or potential of mean force (PMF; F) between two dsDNA at each 

R+/− with respect to their non-interacting zero-free-energy limit (F = 0) reached at infinite r or practically 

when they are sufficiently far apart, i.e., r = 140 Å if they are kept parallel or 60 Å if they are free to rotate 

in parallel planes. Each curve in Fig. S1 shows a local maximum Fmax, which represents a long-range 

repulsion or a free energy barrier to overcome in order to bring them together from the infinite r to a 

bound pair. At shorter r separated by this free energy barrier, each curve shows a local minimum Fmin, 

which represents a short-range attraction or a binding free energy. The difference of these two values, 

F = Fmax − Fmin, would represent another free energy barrier required to break apart the bound pair. 

These three values at each R+/- are summarized in Table S1, along with those found in our previous 

simulations with a more-refined modelS1 for comparison. Due to our simple and generic single-chain bead-

spring model of dsDNA, the short-range r at the local minimum, i.e., the binding distance, is 10 Å at all 

R+/−, which is uniformly shorter than 30 Å obtained previously with our more-refined model.S1 However, 

the strongly-R+/−-dependent binding energetics, e.g., the lower free energy barrier Fmax and the lower 

(more negative) binding free energy Fmin observed when R+/− is closer to the isoelectric point (R+/− = 1), 

are well captured by the current model and qualitatively well agree with the qualitative trends shown 

previously with our more-refined model.S1 Quantitatively, we see in Table S1 some differences in the R+/−-

dependent trends obtained with our two models. For example, the R+/−-dependence is stronger, i.e., the 

binding free energy Fmin is lower at the isoelectric point and the free energy barrier Fmax is higher when 

R+/− < 1, with our current model than with our previous model,S1 indicating that the electrostatic 

interaction of DNA, both attraction toward protamine and repulsion between each other, is stronger with 

our current poly-bead DNA model than with our previous more-refined model.S1 
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Figure S1. Effective interactions between a pair of dsDNA fragments held parallel to each other (upper inset; DNA in grey, 
protamine in red, and NaCl in blue and green) and their uncertainties, which are calculated by umbrella sampling along the 
reaction coordinate r (upper inset; black) with angular and dihedral restraints in excess of DNA (R+/− = 0.5 and 0.8; magenta 
and black curves), in excess of protamine (R+/− = 2; blue curve) and at the isoelectric point (R+/− = 1; green curve). Together 
shown are the effective interaction calculated at R+/− of 0.8 after removing the dihedral restraints, i.e., when two dsDNA are 
free to rotate while held in two planes parallel to each other (lower inset; red curve). The effective interaction as well as the 
long-range free energy barrier at the local maximum (Fmax) and the short-range binding free energy at the local minimum 
(Fmin) are shown with respect to the non-interacting limit where two DNA are sufficiently far apart (F = 0), i.e., when r is 140 
Å (parallel) or 60 Å (free-rotating). 

 
Table S1. Pairwise DNA binding energetics (kcal mol−1)  

 R+/−
a Fmin

c Fmax
d Fmax

e R+/−
 b Fmin

c Fmax
d Fe 

     0.25        1    5    5 
 0.5   24  32    6  0.375    −4    4    9 

 0.8 −10    9  19  0.75  −12    1  14 

 1.0 −25    1  26  1.0  −16    1   17 

 2.0 −15    6  21  1.25    −9    4  12 
     2.5      0    7    7 

a This work, b Ref. S1 
c PMF at the short-range local minimum w.r.t. the non-interacting limit (F = 0), i.e., a binding free energy 
d PMF at the long-range local maximum w.r.t. the non-interacting limit (F = 0), i.e., a barrier to form a bound pair 
d PMF at the long-range local maximum w.r.t. the short-range local minimum, i.e., a barrier to break a bound pair 
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At the isoelectric point (R+/− = 1, Fig. S1, green curve), the neural DNA complexes experience essentially 

no repulsive barrier (Fmax < 1 kcal mol−1) to come close and assemble with the strongest effective 

attraction Fmin of −25 kcal mol-1, which is ascribed to positional correlations including salt bridging of 

protamine adsorbed on the DNA pair.S2,S3,S4  

In excess of DNA but close to the isoelectric point (R+/− = 0.8, Fig. S1, black curve), DNA complexes are 

negatively-charged with only 80% of charge neutralization and repel each other in a parallel configuration. 

A free energy barrier Fmax of 9 kcal mol−1 needs to be overcome to achieve self-assembly stabilized by an 

attraction Fmin of −10 kcal mol-1 with respect to the non-interacting limit (r = 140 Å). If the parallel-

orientation restraint is removed but the position restraint is kept between their geometrical centres (Fig. 

S1, lower inset, red curve), the DNA complexes minimize the repulsion by adopting a perpendicular 

orientation to each other at large r, and then adopt the same parallel orientation at short r to maximize 

short-range attraction induced by position correlation of protamine. It lowers the free energy barrier Fma 

to 5 kcal mol−1 with respect to the non-interacting limit reached sooner (r = 60 Å). If even the position 

restraint between their geometrical centres is released, the DNA complexes would minimize their 

repulsion even further by approaching each other’s tips, not the centres, in the perpendicular orientation. 

This would lower the free energy barrier even further and allow DNA assembly at this R+/− near the 

isoelectric point. Indeed, such transient configurations are often observed in unbiased MD simulations on 

DNA-protamine mixtures. 

In larger excess of DNA far from the isoelectric point (R+/− = 0.5, Fig. S1, magenta curve), negatively-

charged DNA complexes with only 50% of charge neutralization repel each other even more strongly, 

creating a much higher free energy barrier Fmax of 32 kcal mol−1 to overcome for self-assembly when 

they are restraint to align parallel to each other. This barrier is expected to stay still high even when the 

restraints are released, and the self-assembly would be still rare and transient. 

In excess of protamine (R+/− = 2, Fig. S1, blue curve), the positively-charged DNA complexes repel each 

other to create a free energy barrier Fmax of 6 kcal mol−1 in a parallel orientation, but eventually the self-

assembly with the attraction Fmin of −15 kcal mol−1 can be achieved in the same manner as in a small 

excess of DNA (R+/− = 0.8). 

 

S2. Diffusion coefficients  
We perform MD simulations in implicit solvent and no friction is present. We nevertheless choose to 

assign masses in order to roughly reproduce the ratio between the translational diffusion coefficient of 

protamine DPRO and the translational diffusion coefficient of DNA DDNA.  

As stated in the main text, DNA and protamine length are decreased by a factor 3 with respect to the 

experimental values due to constraints imposed by the dilute regime condition and the need to be able 

to handle long-range electrostatic interactions. For DNA in saline water, DDNA has been measured 

previously by a spot-photo-bleaching of fluorescein-labelled dsDNA fragments with a focused laser and 

then related to the DNA size by an empirical relationship,S5 

𝐷𝐷𝑁𝐴 =
4.910−6 𝑐𝑚2/s

(bp size)0.72
 

which leads to DDNA of 1.35x10-11 m2 s-1 for the 146-bp long fragment used in experiments and of 2.910−11 

m2 s−1 for the 50-bp long fragment used in the present simulation. For protamine in water, DPRO has been 



 

 S4 

estimated to be 1.610−10 m2 s−1 from its hydrodynamic radius at 22C, which is 1.35 nm,S6 using the 

Stokes-Einstein equation. DNa and DCl for Na+ and Cl− counterions have been estimated as 1.3310−9 and 

2.0310−9 m2 s−1, respectively.S7 The estimated relative ratio (DPRO/DDNA)exp in experiments is therefore 

~11.9 and it is kept fixed in our simulation, i.e. (DPRO/DDNA)sim = 11.9, leading to a diffusion coefficient for 

the short protamine (1/3 of the original one) of 3.5 10-10 m2 s-1. 

The mass of 50-bp DNA model MDNA is 33 kDa (= 660 Da  bp size), and each of its 100 beads has a mass 

mDNA of 330 Da. The mass of salmon protamine is 4250 Da, and each of its 21 constituting beads has a 

mass mpro of 202 Da. The mass of Na+ and Cl−, mNa and mCl, are 23 and 35.5 Da, respectively. We thus 

assign to each bead the relative mass expressed in the unit of mNa, i.e., 14.35, 8.78, 1.00, and 1.53 as mDNA, 

mpro, mNa, and mCl, respectively.  

We then verify that these masses roughly reproduce the ratio between DPRO and DDNA by performing 

200-ns long MD simulations in periodic cubic cells of size 48 nm, which contain a system constituted of 20 

DNA and 2000 Na+ counterions or a system constituted of 143 protamine and 1001 Cl− counterions. The 

concentration of each species is the same as used in the unbiased MD simulations at the isoelectric point. 

For the DNA case, DDNA is estimated with two bending coefficients Kb of 700 and 150 kcal mol-1 rad-2. Based 

on the Einstein-Stokes equation, fluctuations in the mean-square displacement (MSD) r2(t) of a species 

are related to its translational diffusion coefficient D as  

6𝑡𝐷 = lim
𝑡→∞

< | 𝒓CM(𝑡0 + 𝑡) − 𝒓CM(𝑡0) |2 > = lim
𝑡→∞

∆𝑟2(𝑡) 

where rCM(t) is the center-of-mass (CM) position of a given species at time t (see Fig. S2 for the DNA case). 

 
Figure S2. Mean-square displacement (MSD) of center of mass of 50-bp DNA fragments in a cubic box of side length 48 nm 
containing 20 DNA fragments and their Na+ counterions. Results on the DNA fragments with a bending coefficient Kb of 700 
kcal mol-1 rad-2 (Kb

700, upper curve) and 175 kcal mol-1 rad-2 (Kb
175, lower curve) are shown together. Fits performed on the long-

time motion behaviour of MSD are shown as dashed red lines.    

The fits of the MSD curves corresponding to the long-time motion behaviour, i.e., done when r2  t, 

give 1.210−7 and 9.3x10-8 m2 s−1 as DDNA when Kb = 700 and 175 kcal mol-1 rad-2, respectively (Fig. S2, 

red lines), as well as 1.410−6 m2 s−1 as DPRO for 7-bead short protamine model. The DPRO/DDNA ratio is 

12 when Kb = 700 kcal mol-1 rad-2 and ~15 when 175 kcal mol-1 rad-2 in rather good agreement with the 

estimated experimental ratio. 

The dynamics in MD with implicit solvents is much faster than experimentally observed. Experimental 

time scale is anyway too long to allow an adequate sampling of the systems. Nevertheless, the relative 

diffusion coefficients of DNA and protamine are still rather well reproduced.  
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S3. Persistence length of a single long DNA 

We perform a set of 10 independent simulations of 10106 time steps each on a DNA chain contained in 

a cubic box of 48 nm on each side. The DNA chain is made of 240 positively-charged beads bonded at an 

equilibrium distance req of 1.7 Å, which corresponds to 41 nm when fully extended. Compared to the 

system used for the simulations on the DNA-protamine mixture, the DNA chain is 2.4 times longer and 

the size of the simulation box is the same. We repeat this set of simulations at three different conditions, 

increasing the strength of the electrostatic interactions, 

(1) with no consideration of electrostatic interaction, i.e., considering only steric non-bonding interaction 

of a neutral polymer (denoted as neutral),  

(2) with consideration of both steric and electrostatic interactions at the physiological condition, i.e., 

with 150 mM of added monovalent salts (denoted as 150 mM), and  

(3) with consideration of both steric and electrostatic interactions, but with no added salt other than the 

monovalent Na+ counterions added to neutralize DNA, i.e., at a very low salt concentration close to 

the zero-salt or salt-free limit (denoted as no added salt).  

Please note that the term "no added salt" here does not mean that no ions are present in the system. The 

counterions of dsDNA already contribute an ionic concentration of 3.6 mM, which correspons to a Debye 

screening length D of about 5 nm. 

Several definitions for calculation of persistence lengths are possible.S8,S9 Since the DNA chain is short 

and the bending constant is large, i.e., the chain is relatively rigid, we use an approach based on the 

wormlike-chain (WLC) model describing the decay of the correlation C(s) in the orientation of two 

segments of the chain separated by a distance s along the contour length. For the WLC model where the 

only interaction is the bending potential, C(s) is expressed as  

C(s) = < cos(s) > = exp(−s/Loc), 

where the bending angle (s) is the angle between the two directions of the chain separated by the 

contour length s, Loc is the orientation correlation persistence length, and <...> denotes an average over 

all the orientations of segments along the chain separated by s and over all the sampled conformations 

of DNA. For sufficiently small fluctuations, i.e., for small , and small contour lengths s, it is possible to 

directly sample the WLC orientation probability distribution approximated by a Gaussian distribution  

P(s)   exp[−Lp 2/2s]  exp[−Lp(1− cos)/s], 

where Lp is the persistence length and s is the contour length of a short fragment of bending angle .S10,S11 

The probability distribution P of the bending angle (s) of a DNA short segment whose length s is 34 Å 

(Fig. S3-1) is computed for the last 5106 time steps of the ensemble of the 10 independent runs. The five 

last end beads of the chain are excluded to minimize the chain end effects. Our results are not affected 

by the number of beads excluded. The Lp values calculated after excluding 5 or 30 beads differ by less than 

2%. We first use the bending constant Kbend of 700 kcal mol-1 rad-2, which is used for our other simulations. 

From the linear fits to the initial decrease of ln(P) down to e-3 (Fig. S3-1a), we obtain a persistence length 

Lp of 2016±7 Å (neutral), 2050±2 Å (150 mM), and 2040±1 (no added salt) Å. The dependence of bending 

angle (s) on the chain contour length s, which is fitted up to a contour length s of 30 Å, leads to a 

persistence length of 1994±3 Å (neutral), 2038±2 Å (150 mM), and 2039±3 Å (no added salt). These Lp 

values are about four times longer than typical literature values (500 Å), but they are in fact comparable 

to an Lp value measured at the lowest salt concentration that we found (1800200 Å at 0.0001 M NaCl, 

Fig. S3-2, top left).S12  
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Figure S3-1. Probability distribution P of the bending angle  of a segment, whose contour length s is 34 Å, along a single DNA 
made of 240 positively-charged beads, which is modelled with a bending constant Kbend of (a) 700 and (b) 175 kcal mol-1 rad-2, 
in three different cases of no added salt (without added salt), 150 mM (in presence of 150-mM salt), and neutral (with 
electrostatic interactions turned off). The plots from the three different cases are vertically shifted by 4 consecutively for clarity. 
Data are accumulated over ten independent runs. The red dashed lines correspond to the linear fits of the initial decrease of 
the distribution down to e-3.   

 
Figure S3-2. Persistence length (P or LP; nm or Å) of DNA as a function of monovalent salt (NaCl) concentration (ionic strength; 
M or mM) from Refs. S12,S13,S14,S15. [Top left] Reproduced with permission from Ref. S12 (copyright 1981 John Wiley and 
Sons). Experiments on 587-bp (circle) and 434-bp (triangle) DNA with 10% of uncertainty. [Top right] Reproduced from Ref. 
S13. Coarse-grained simulations (circles with red line to guide the eye) and experiments from refs. S12 (black circle), S16 (khaki 
rhombi), S17 (green square), and S18 (blue triangle). [Bottom left] Reproduced from Ref. S14 (copyright 2012 Royal Society of 
Chemistry). Simulations, experiments, theoretical corrections to some experimental data, and predictions from the Odijk-
Skolnick-Fixman (refs. S19,S20) and Manning (ref. S21) theories. [Bottom right] Ref. S15. Experiments on a 1200-bp DNA with 
monovalent (black; Li+, blue; Na+, red; K+) salts. Corresponding fits from the Trizac-Shen (green dashed line), OSF (orange dashed 
line) and OSFM (violet dashed line) theories are shown together. 

The persistence length estimated by our simulations increases by 40 Å from neutral to 150 mM or to 

no added salt, i.e., when the electrostatic interactions are considered with or without additional 150-mM 

monovalent salts. The Odjik-Skolnick-Fixman (OSF) theory,S15,S19,S20 which is valid for an ionic strength 
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greater than 0.1 M, calculates the persistence length of a polyelectrolyte as the sum of a bare persistence 

length of a neutral chain and an electrostatic contribution Le given by  

Le = lB / (4 A2 2), 

where lB is the Bjerrum length, A is the distance between charges along the polyelectrolyte, and  is the 

inverse Debye-Hückel length given by  

 = [4 lb (c+ + c−)]1/2 

with c± the ion concentrations. At lower ionic strengths of monovalent counterions, we can use the Odjik-

Skolnick-Fixman-Manning (OSFM) model,S15,S22 which estimates the electrostatic contribution by  

Le = 1 / (4 lb 2). 

Alternatively, to embrace the whole ionic strength range, we can use the Trizac-Shen (TS) model which is 

valid for monovalent counterions.S23 With the parameters of our system, the electrostatic contribution to 

the persistence length, Le, is predicted as 40 Å by the OSF model, 100 Å by the OSFM model, and 10 

Å at 150 mM and 100 Å at 3.36 mM by the TS model. Our estimations of 40 Å (150 mM) as the 

electrostatic contribution at 150 mM indeed agree semi-quantitatively with the OSF theory (40 Å), but 

to a lesser extend with the TS theory (10 Å). Moreover, our estimations show essentially no dependence 

on the ionic strength and thus our estimations of 40 Å at a low ionic strength (< 3.6 mM; no added salt) 

are not in agreement with the OSFM and TS theories (100 Å). Our parameters lead to persistence lengths 

about 3-4 times higher than the ones reported experimentally for DNA in the salt range considered.  

For stiff polymers, the bending angles  between two consecutive beads separated by a distance A 

(monomer size) are small and we can derive an approximate expression from the WLC model with only 

bending interactions,    

. 

With  = kBT, this expression lead to  

Loc = kbend A / kBT. 

With A = 1.7 Å and kBT = 0.6 kcal mol-1 at room temperature, we find a persistence length Loc of 1984 Å 

for the neutral polymer chain, which is in good agreement with our simulation. Moreover, such a linear 

relationship between the bare persistence length and the bending constant Kbend leads us to use a four 

times smaller bending constant Kb, 175 kcal mol-1 rad-2, to obtain a bare persistence length around 500 Å. 

Indeed, from the linear fits to the initial decrease of the probability distribution P(s) down to e-3 (Fig. S3-

1b), we obtain a persistence length Lp of 500±1 Å (neutral), 516±1 Å (150 mM), and 593±2 Å (no added 

salt). The dependence of bending angles (s) on the chain contour length s, which is fitted up to a contour 

length of 30 Å, also leads to a persistence length of 490±2 Å (neutral), 506±1 Å (150 mM), and 574±5 Å 

(no added salt). Both results are in good agreement with the typical experimental data. Moreover, the 

electrostatic contribution to the persistence length (16 and 90 Å) are in semi-quantitative agreement 

with the OSF and OSFM theories and in excellent quantitative agreement with the TS model.  

Comparing our results obtained with the two bending constants Kbend, we hypothesize that the generic 

bending constant of 700 kcal mol-1 rad-2 might be too large in the range of ionic strength greater than 3 

mM, although the persistence lengths obtained with our Kbend value of 700 kcal mol-1 rad-2 are certainly 
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adequate to reproduce the behavior of short stiff DNA fragments. Indeed, a series of 100-ns unbiased 

simulations using the DNA fragments modeled with the four times smaller bending constant Kb, 175 kcal 

mol-1 rad-2, in presence of 21-bead-long protamine at different R+/− ratios around the isoelectric point 

present no significant difference in the aggregation behavior from the initial simulations performed with 

stiffer DNA fragments (Fig. S3-3). 

 

 
Figure S3-3. Distributions of DNA bundle size, which are averaged over the last 20 ns or 20106 steps of 100 ns of unbiased MD 
simulations of a homogeneous mixture of protamine and DNA fragments at different R+/− ratios. Protamine is modelled by 21-
positively charged beads connected with no angle bending interactions, and DNA is modelled by a 17-nm-long chain made of 
100 negatively-charged beads connected with a bending constant Kb of (a) 175 and (b) 700 kcal mol-1 rad-2.   

 

S4. 20 Independent simulations 

The aggregation onset RCA for formation of a DNA-protamine bundle upon adding protamine and the 

redissolution onset RCR of the bundle upon adding protamine are both shifted towards lower R+/− as the 

protamine length nPRO is increased from 7 to 21. The 21-bead-long protamine with a total charge of +21|e| 

(nPRO = 21) induce the redissolution at a much lower R+/− than three-times-shorter 7-bead protamine with 

a total charge of +7|e| (nPRO = 7). The redissolution onset RCR significantly depends on the protamine 

length nPRO, most likely due to the translation entropy of free protamine in solution, which is higher for 7-

bead protamine than for 21-bead protamine at the same R+/−. On the other hand, the aggregation onset 

RCA is rather insensitive to the protamine length, although RCA is slightly lower with longer protamine. 

These conclusions on the protamine-length dependence of RCR and RCA are solely based on a collection of 

a single simulation performed at each R+/−. Our system is strongly charged and thus presents a two-stage 

aggregation process with a fast first-stage DNA complexation with protamine, followed by a slow second-

stage bundle formation and evolution. It is therefore important to verify that our simulations of the 

system are long enough to remain independent of the initial conditions chosen, i.e., the initial positions 

and orientations as well as the initial velocities of the molecules.  

We therefore check the validity and the reproducibility of our simulation by performing a series of 20 

independent simulations of 100 ns or 100106 time steps each, starting from different random initial 

positions and velocities, for two critical charge ratios (R+/− = 0.5 in excess of DNA and 2.4 in excess of 

protamine) and for the two protamine lengths investigated (nPRO = 7 and 21). The charge ratio R+/− of 2.4 
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is chosen since, at this charge ratio, large bundles are formed when nPRO is 7 while DNA remain mostly in 

solution or form only small bundles when nPRO is 21. Similarly, when R+/− is 0.5, DNA fragments form 

slightly larger, albeit remaining small, bundles with 21-bead protamine than with 7-bead protamine. 

Fig. S4-1a shows the time evolutions of the numbers of DNA bundles (including complexes; top) and of 

only the DNA complexes (bottom), which are averaged over the 20 independent runs on these four cases 

of (0.5, 7), (0.5, 21), (2.4, 7), and (2.4, 21). Fig. S4-1b shows the size distributions of these bundles averaged 

over the last 20 ns of all the 20 independent runs. When R+/− is 0.5 (in excess of DNA, left panels), 21-bead 

protamine (red curves and bars) induce slightly stronger DNA aggregation (up to size of 3 vs. 2) and leave 

less complexes (40% vs. 70%) than 7-bead protamine (blue curves and grey bars). When R+/− is 2.4 (in 

excess of protamine, right panels), 7-bead protamine induce a strong (even complete) aggregation 

process forming large (up to size 20) DNA bundles and almost no (< 5%) DNA complexes (blue curves and 

grey bars), while 21-bead protamine induce a very limited aggregation process where only small (up to 

size 3) DNA bundles coexist with a significant amount of (> 70%) DNA complexes (red curves and bars). 

 
Figure S4-1. (a) Time evolution of the total number of DNA bundles including DNA complexes counted as a bundle of size 1 
(top) and the number of DNA complexes (bottom) which are formed during 100-ns or 100106-step MD simulations at R+/− of 
0.5 (left) and 2.4 (right) in presence of 7-bead (blue) or 21-bead (red) protamine. The bold curves (blue/red) and the shaded 
area (grey) represent the average and the standard deviation over the 20 independent time evolutions shown as transparent 
curves. (b) Bundle size distributions when R+/− is 0.5 (left) or 2.4 (right) and when nPRO is 7 (top) and 21 (bottom), each of which 
is averaged over the last 20 ns of the 20 independent simulations. Both panels show the same trend of shifts in the aggregation 
and resolution onsets towards lower R+/− of 0.5 and 2.4, respectively, observed as nPRO increases from 7 to 21. 

As shown side by side in Fig. S4-2, these trends are consistent with those drawn from a set of four 

simulations, a single simulation on each case, whose representativeness is now confirmed by this 20-fold 

larger set of 80 simulations. However, in all the four cases, the extended sampling realized by the 20 

independent simulations shifts the size distribution slightly towards higher sizes, allowing slightly larger 

bundles. In particular, at R+/− of 2.4 in presence of 7-bead protamine, a significant population (30%) of a 

single large bundle of size 20 is newly observed from the 20 independent simulations, supporting the 

nature of small charged bundles as kinetically-trapped structures that eventually coalesce. 
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Figure S4-2. Side-by-side comparison of average bundle size distributions extracted from (a) a single run or (b) 20 independent 
runs on each of the four cases where R+/− is 0.5 (left) or 2.4 (right) and nPRO is 7 (top) and 21 (bottom). Each distribution is 
averaged over the last 20 ns of (a) the singe run or (b) all the 20 independent runs. Both panels show the same trend that the 
aggregation and resolution onsets, RCA and RCR, shift downwards towards lower R+/− as nPRO increases from 7 to 21. In all the 
four cases, in particular at R+/− of 2.4 in presence of 7-bead protamine, the extended sampling realized by the 20 independent 
simulations shifts the size distribution slightly towards higher sizes, allowing slightly larger bundles, but otherwise the trends 
found the two types of sampling are similar to each other. 

Fig. S4-3a shows the average charge ratio per DNA exhibited by all the bundles (including complexes, 

size NDNA ≥ 1), which is calculated either by considering only protamine in bundles,  

|qPRO/qDNA| = (NPROnPRO) / (NDNAnDNA), 

or by including Na+ and Cl− counterions in addition of protamine (not shown here),  

|qPRO*/qDNA| = (NPROnPRO + NNa − NCl) / (NDNAnDNA), 

when NPRO protamine with nPRO of 7 or 21 and NDNA DNA with nDNA of 100 (the number of phosphate groups 

in a DNA) form the bundle along with NNa Na and NCl Cl counterions. Whether with 7-bead protamine 

(blue) or with 21-bead protamine (red), as the bundle size NDNA increases (left to right), the bundle charge 

ratios |qPRO/qDNA| increase when undercharged in excess of DNA (R+/− = 0.5, lower branch) and decrease 

when overcharged in excess of protamine (R+/− = 2.4, upper branch), both towards 1, the charge neutrality. 

This means that more protamine is added to undercharged DNA complexes to assemble as bundles, and 

conversely, overcharged complexes lose protamine to form stable bundles, leading to complexes more 

negatively-undercharged (i.e., bound to less protamine per DNA) than bundles in excess of DNA and 

complexes more positively-overcharged (i.e., bound to more protamine per DNA) than bundles in excess 

of protamine, demonstrating the theoretically-predicted mechanism of charge disproportionation.  

In excess of DNA at R+/− of 0.5 (Fig. S4-3a, lower branch), the DNA complexes (NDNA = bundle size = 1) 

with 21-bead protamine are more negatively charged with the charge ratios farther from 1 (|qPRO/qDNA| 

= 0.270.15, red; |qPRO*/qDNA| = 0.640.06, not shown) than those with 7-bead protamine (|qPRO/qDNA| = 

0.450.08, blue; |qPRO*/qDNA| = 0.690.04). The DNA complex is defined as an isolated DNA irrespective 
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of the number of protamine adsorbed on it. A significant quantity (14%) of those complexes formed with 

21-bead protamine are in fact naked DNA with no protamine adsorbed, while no DNA is naked in presence 

of 7-bead protamine. This mainly contributes to the difference between the two charge ratios (0.270.15 

vs. 0.450.08) of the complexes made with the two protamine models, because the charge ratios including 

the counterions as well, |qPRO*/qDNA|, are quite similar (0.640.06 vs. 0.690.04) in both models. Indeed, 

no strong difference is observed between the charge ratios of larger bundles (NDNA  2) whether they are 

made with 21-bead protamine (|qPRO/qDNA|  0.540.12, red; |qPRO*/qDNA|  0.770.06) or 7-bead 

protamine (|qPRO/qDNA|  0.580.05, blue; |qPRO*/qDNA|  0.780.03). In addition, there is a tendency to 

form slightly larger bundles with 21-bead protamine (up to size 5) than with 7-bead protamine (up to size 

3) via slightly stronger charge disproportionation between complexes and bundles.  

On the other hand, in excess of protamine at R+/− of 2.4 (Fig. S4-3a, upper branch), both DNA complexes 

(|qPRO/qDNA| = 1.540.10, red; |qPRO*/qDNA| = 1.400.07) and larger bundles (|qPRO/qDNA|  1.320.07, 

red; |qPRO*/qDNA|  1.230.06) made with 21-bead protamine are significantly more overcharged than 

the complexes (|qPRO/qDNA| = 1.340.05, blue; |qPRO*/qDNA| = 1.280.04) and larger bundles (|qPRO/qDNA| 

 1.090.07, blue; |qPRO*/qDNA|  1.070.06) made with 7-bead protamine, whether excluding or 

including the counterions in their estimation. Fig. S4-3 shows the average distribution of protamine, Na+ 

and Cl- for overcharged complexes (NDNA = 1 = bundle size) at R+/- = 2.4 for 7-bead (top) and 21-bead 

(bottom) protamine. We noticed that, since protamine is also a strong polyelectrolyte, a significant 

amount of Cl- counterions are also present in the complexes (as well as in other bundles formed at R+/- > 

1, data not shown) in order to bring back the overall charge of the complexes closer to neutrality. 

 

Figure S4-3. (a) Average bundle charge ratios |qPRO/qDNA| as a function of the bundle size at R+/− of 0.5 (lower branch) and 2.4 
(upper branch) in presence of 7-bead (blue) or 21-bead (red) protamine. The averages are over the last 20 ns of 20 independent 
simulations. (b) Distribution of species (protamine (red boxes), Na+ (blue boxes) and Cl- (open green boxes)) for complexes 
formed at R+/- = 2.4 in presence of 7-bead (top) or 21-bead protamine (bottom), averaged over the last 20ns of 20 independent 
runs. (c) Time evolution of the total number of protamine in the DNA bundles at R+/− = 0.5 (left) and 2.4 (right), which are 
averaged over the 20 independent simulations. Also shown as violet dashed line is simply the evolution of the system with 21-
bead protamine (red) multiplied by three, considering that a 21-bead protamine corresponds to three 7-bead protamine. At 
R+/− of 0.5, all the protamine in the systems participate in the formation of complexes and bundles and therefore the evolution 
of systems made of 7-bead and 21-bead protamine are identical, while it is not the case at R+/− of 2.4. 

Fig. S4-3c presents the time evolution of the number of protamine in all the DNA bundles (including 

complexes), which are averaged over the 20 independent simulations. All the protamine in the system are 

bound to DNA in the bundles in excess of DNA at R+/− of 0.5 (blue = dashed violet), while only a fraction of 

the protamine, particularly 7-bead protamine (blue < dashed violet), are bound to DNA in the bundles in 

excess of protamine at R+/− of 2.4. The DNA complexes at R+/− of 2.4 contain less 7-bead protamine than 

three times of 21-bead protamine, forming less overcharged complexes with 7-bead protamine than with 
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21-bead protamine. Therefore, a significant amount (55%) of 20 independent simulations with 7-bead 

protamine evolve to a complete aggregation into a single bundle of size 20, while small charged bundles, 

mostly the isolated complexes, are present in the system with 21-bead protamine, demonstrating the 

downward shift of the redissolution onset RCR to lower R+/− by increasing the protamine length and also 

resolving the discrepancy between our simulations performed with two different protamine models.   

 

S5. Simulations from a pre-assembled bundle 

Snapshots of a preformed DNA bundle taken after 5-ns equilibration of protamine and counterions (Fig. 

S5a) show that more protamine (red) replace Na+ counterions (blue) as R+/− increases (top to bottom). In 

excess of protamine (R+/− = 2), the positively-charged bundle allows the condensation of Cl− (green) on its 

surface. Final snapshots taken 20 ns after DNA are also relaxed (Fig. S5b) show that the single bundle stays 

mechanically stable in excess of protamine (R+/− = 2), while it breaks into several smaller bundles in 

moderate excess of DNA (R+/− = 0.8) or further into a dispersion of DNA complexes in large excess of DNA 

far from the isoelectric point (R+/− = 0.5). The simulations confirm that the states formed in large excess 

of DNA (R+/− = 0.20.5) are equilibrium phases kept stable by strong electrostatic repulsion and partially 

support the scenario that bundles formed by charge disproportionation at R+/− of 0.8 constitute an 

equilibrium phase. 

        

Figure S5. (a) Time evolution of a single preformed bundle composed of 19 DNA (grey), protamine (red), and Na+/Cl− 
counterions (blue/green) at R+/− of 0.5 (top, magenta curve), 0.8 (middle, black curve) and 2 (bottom, blue curve). Snapshots 
of the single bundle equilibrated with fixed DNA for 5 ns or 5106 steps are shown as insets. (b) Snapshots of the states reached 
after 20 ns or 20106 steps of production-period simulations with relaxed DNA at R+/− of 0.5 (top), 0.8 (middle) and 2 (bottom). 
Counterions and protamine (R+/− > 1) remaining in the solution are not shown for clarity.  
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