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Abstract

We study experimentally and theoretically the self-assembly kinetics of linear virus-

like particles (VLPs) consisting of double-stranded DNA and virus-like coat proteins.

The polynucleotide acts as a self-assembly template for our proteins with engineered at-

tractive protein-DNA and protein-protein interactions that imitate the physicochemical

functionality of virus coat proteins. Inspired by our experimental observations, where

we find VLPs to grow from one point onwards, our model presumes a nucleation step

before subsequent sequential cooperative binding from one of the ends of the polynu-

cleotide. By numerically solving the pertinent reaction rate equations, we investigate

the assembly dynamics as a function of the ratio between the number of available bind-

ing sites and proteins in the solution, i.e., the stoichiometry of the molecular building

blocks. Depending on the stoichiometry, we find monotonic or non-monotonic assem-

bly kinetics. If the proteins in the solution vastly outnumber the binding sites on

all the polynucleotides, the assembly kinetics are strictly monotonic and the assem-

bled fraction increases steadily with time. However, if the concentration of proteins

and binding sites is equal, we find an overshoot in the concentration of fully covered

polynucleotides. We compare our model with length distributions of two types of VLP

measured by AFM imaging and find satisfactory agreement, suggesting that a rela-

tively simple model may be useful in describing the assembly kinetics of chemically

complex systems. We furthermore re-evaluate data by Hernandez-Garcia et al.1 to

include the effect of a finite protein concentration previously ignored. By fitting our

model to the experimental data, we are able to pinpoint the sum of the protein-protein

and protein-DNA interaction free energy, the binding rate of a protein to the DNA,

as well as the nucleation free energy associated with switching a protein from the so-

lution to the bound conformation. The values we find for the virus-like particles are

comparable to virus capsid binding energies of linear and spherical viruses.

2



Introduction

Virus particles are arguably amongst the most complex objects in condensed matter physics

yet among the simplest in biology. Their ability to deliver their genetic material into sus-

ceptible cells has triggered interest in the development of virus-like particles (VLPs) with

the same capability but without the potential health risks.2–6 Such particles are envisioned

to be useful in gene therapy for the delivery of therapeutic nucleic acids and drugs, and to

target tumor cells, not least because of their biocompatibility and biodegradability.5,7,8

Generally, viruses self-assemble in solutions containing polynucleotides and coat proteins,

implying that the former become protected by a protein mantle usually of spherical or lin-

ear shape. Typically, this self-assembly involves the formation of a supramolecular complex

through the cooperative binding of coat proteins to the polynucleotides, a process that has

been difficult to mimic using synthetic biology9–11. Recently, however, Hernandez-Garcia et

al.1 found effective design principles for synthetic coat proteins that give rise to the self-

assembly of linear VLPs. These designer coat proteins are composed of three simple and

distinctive polypeptide blocks that independently provide a basic functionality required to

form linear VLPs, see Figure 1a. The first block, C, is a hydrophilic and long random

coil sequence (approx. 400 amino acids) that provides remarkable colloidal stability to the

formed VLPs. The middle block Sn consists of n repeats of the self-assembly silk-like oc-

tapeptide GAGAGAGQ.12 This silk-like block has been demonstrated to provide cooperative

encapsulation of DNA with length repetition of n ≥ 10.1 The third block, B, is a stretch

of twelve-lysines that mediates the electrostatic interaction with the phosphate backbone

of the DNA. In this study we use two protein constructs with different self-assembly block

length: C-S10-B and C-S14-B. Using AFM imaging Hernandez-Garcia et al. determined the

self-assembly kinetics of the designer coat proteins on DNA by measuring at different times

the length of the self-assembled protein part around a 2.5kbp linear dsDNA chain, see Figure

1b. These self-assembled protein-DNA lengths were fitted successfully to a model originally

put forward by Kraft et al.13 to describe the self-assembly of tobacco mosaic virus (TMV).
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This model presumes a vast excess of proteins, while in the actual experiments the protein

concentration was a limiting factor. It is unclear to what extent the parameters obtained

through this fit are robust to accounting for the correct stoichiometry.

To address this issue we revisit the so-called nucleated Zipper model and focus on the

influence of a finite protein concentration on the kinetics of the assembly by a numerical

evaluation of the pertinent reaction rate equations. We show that the concentration of fully

assembled particles, the fraction of occupied binding sites on the DNA and the concentra-

tion of uncovered polynucleotides can vary non-monotonically as a function of time. This

contrasts with what we find when there is a vast excess of proteins in solution, where these

quantities always evolve monotonically with time. From our calculations we can identify the

predominant kinetics for different relative concentrations of protein and DNA. We are able

to quantify the temporal evolution of the concentration of fully assembled particles during

assembly and compare it to the concentration in equilibrium. Furthermore, we conduct ad-

ditional experiments with two synthetic proteins of different silk-domain repeat lengths and

approximately equal protein concentrations, and fit our improved model to the assembly

data. In the article by Hernandez-Garcia et al. it was hypothesized that the length of the

silk-domain positively correlates with the cooperativity of the binding process. We here in-

vestigate this hypothesis by studying the assembly of proteins comprised of ten and fourteen

silk strands and re-evaluate the earlier experiments of Hernandez-Garcia et al.1

From our curve fits we are able to extract the sum of the protein-protein and protein-

DNA interaction free energies, the rate constant of binding a protein to the DNA, as well

as the nucleation free energy associated with switching the protein from the solution to the

bound conformation. Agreement between theory and experiment is satisfactory, confirming

that the assembly is not extremely sensitive to the relative protein and DNA concentrations.

This suggests that a relatively simple model may be useful in describing the assembly kinetics

of chemically complex systems.

The remainder of this paper is organised as follows: first, we summarise the equilibrium
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properties of the Zipper model of Kraft et al.,13 because this will be helpful in understand-

ing the non-monotonic assembly kinetics. Next, we derive the reaction rate equations for

arbitrary relative protein concentrations and show that the concentration of fully assembled

virus-like particles, the fraction of occupied binding sites on the DNA molecules and the

concentration of free polynucleotides can change non-monotonically as a function of time.

We present a diagram of the predominant kinetic regime as a function of the overall and

relative protein concentration. Finally, we present the curve fits to our experimental data

and the previously published data of Hernandez-Garcia et al.1

Figure 1: a) Schematic representation of a C-S10-B protein consisting of three blocks: a
hydrophilic random coil sequence C that prevents the different protein-DNA complexes in
the solution from aggregating, a silk-like sequence Sn consisting of a variable number of silk
strands Sn−−(GAGAGAGQ)n that putatively dictates the cooperativity of the protein binding
to the DNA, and an oligolysine binding block B−−K12 that binds non-sequence specifically
to the dsDNA through electrostatic interactions. b) If the protein binds to the DNA it
causes the DNA to be compacted by a factor of about three presumably to realise charge
neutralization of the DNA by the binding blocks B. The arrow indicates the direction of
protein addition. c) An AFM image of observed rod-like protein-DNA complexes which are
fully covered with protein, the scale bar is 300 nm.

Equilibrium concentrations

In this section we introduce the model used to describe the equilibrium concentrations,

i.e., the concentrations in the long time limit, of the different supramolecular molecules
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arising in a solution of polynucleotides and coat proteins. In particular, we focus on the

concentration of fully assembled particles, the concentration of naked polynucleotides and

the fraction of occupied binding sites. This will provide a reference frame for the next section

in which we show that these quantities evolve non-monotonically with time for finite protein

concentrations.

We consider a dilute solution of polynucleotides and coat proteins. The polynucleotides

are linear molecules that have q binding sites for proteins and become encapsulated through

this binding process. In the case of TMV, the polynucleotide is a single-stranded RNA

molecule13 and in the experiments we conducted here and in earlier work1 double-stranded

DNA was employed. We describe the fraction of polynucleotides with n bound proteins

in thermodynamic equilibrium by Peq(n), where n = 0, 1, 2, ..., q. We denote the scaled

concentration of free proteins in solution, i.e., those not bound to a polynucleotide, as seq =

ρP,eq/φc, with ρP,eq the dimensionless free protein concentration and φc the dimensionless

critical concentration, all given as mole fractions. The critical concentration, φc = eε+g, is the

concentration below which no significant binding of proteins occurs, with ε < 0 the attractive

interaction free energy between two proteins cooperatively bound to the polynucleotide and

g < 0 the attractive interaction free energy between a bound protein and the polynucleotide.

Both energies are in units of the thermal energy kBT.

The free energy contributions capture the effects of what in reality involves microscop-

ically complex processes, which we we do not need to consider in all their detail. For a

discussion of this approach in the context of the assembly of icosahedral viruses, we refer

to, e.g., Muthukumar et al.14 and Hagan.15 The attractive interaction free energy between

a bound protein and the polynucleotide, g, for instance, accounts not only for the free en-

ergy gain due to the electrostatic interaction between the positively charged proteins and

the negatively charged DNA, but also for the entropy cost of any steric interactions of the

protein with the DNA and the elastic free energetic cost of bending the DNA in the compact

compound structure.
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Furthermore, because the solution is dilute we can link the concentration of free proteins

to the (dimensionless) chemical potential µP < 0 of the free proteins in solution by ρP,eq =

eµP . If the entropy cost of removing a protein from solution is lower than the energy gain of

binding that protein to the polynucleotide, i.e., if ε + g < µP , binding occurs. In this case,

the protein density ρP,eq exceeds the critical protein density φc and the relative density of

free proteins is larger than unity. Therefore, seq is a measure for the probability of binding

a protein cooperatively to the polynucleotide.

The nucleated Zipper model of Kraft et al.13 considers consecutive binding of proteins to

the polynucleotide from one end onward, as if a zipper is pulled up. Originally, the theory

was devised specifically to model the in vitro assembly of TMV. The RNA of TMV has a

sequence of nucleotides near one of its ends that has been identified as an origin of assembly

(OAS). Self-assembly of TMV starts by the binding of proteins at this OAS and the binding

of subsequent proteins happens by zipping toward the end of the RNA.13 Notwithstanding

that the DNA that we use in our experiments does not have an OAS, we can still apply the

nucleated Zipper model because we find nucleation to commence (almost) always at one of

the ends of a DNA molecule. A plausible cause of this is that the end of the DNA may act

as an effective OAS for the engineered proteins due to steric effects.

Indeed, as already discussed, our triblock proteins consist of an oligolysine sequence,

a silk-like sequence and a long collagen-like sequence that in solution has a random-coil

structure. In our experiments, protein binding is driven by aspecific Coulomb interactions

between the positively charged oligolysine block and the negatively charged DNA, and in

principle the first protein to bind would not have a preference for any specific position along

the backbone of the DNA. However, due to the random coil structure of the collagen-like

sequence, binding at one of the ends must be more favourable than anywhere else due to a

larger amount of free space available to the random coil block to explore its configuration

space. Plausibly, the DNA molecule excludes a larger volume to the random coil of a protein

in the central portion than near the ends, which in our view explains the preference for the
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ends.

From statistical mechanics, the fraction of polynucleotides with n bound proteins can be

derived within the nucleated Zipper model as

Peq(n) =


1
Ξ

if n = 0,

σsneq
Ξ

if 0 < n ≤ q,

(1)

where Ξ is a normalization constant and σ = e−h+ε a measure for the cooperativity of the

binding of the proteins to the polynucleotide. The quantity h > 0 is the free energy cost of

conformational switching of the first protein upon binding to the template. The assumption

of allostery implies that subsequently bound proteins do not require this conformational free

energy cost.16 In essence, the nucleated Zipper model is a reduction of the one-dimensional

Ising model in the limit of infinite interaction strength and therefore fundamentally different

from, for example, the Langmuir adsorption model where all binding sites are independent.

In essence, the nucleated Zipper model is a reduction of the one-dimensional Ising model in

the limit of infinite interaction strength.17 It is therefore fundamentally different from, for

example, the Langmuir adsorption model where all binding sites are independent,18 or Ising

model-based approaches that allow correlated adsorption19–21. We furthermore note that

other works on closed assembly onto spherical templates22 are fundamentally different from

the linear case discussed here due to the more complex assembly pathways and the higher

dimensionality of the structures formed.

The energy penalty for nucleation is captured by the cooperativity parameter σ: a small

value of sigma reflects a large nucleation energy barrier. Because all partially coated polynu-

cleotide states rely on nucleation, the probability Peq(n) for a polynucleotide having bound at

least one protein, n > 0, scales linearly with σ. Furthermore, the probability Peq(n) strongly

depends on the scaled concentration of free proteins, and, by mass action, is proportional

to sneq. Therefore, for seq > 1, complete coverage of the polynucleotides is most likely. To
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quantify the degree of coverage, we calculate the average number of bound proteins per

polynucleotide as

〈θ〉eq =
1

q

q∑
n=0

nPeq(n). (2)

The probability distribution function, and hence all of its moments including the mean

occupation number, are a function of the overall concentration of proteins φP ≡ NP/Nt and

of the concentration of polynucleotides (templates) ρT ≡ NT/Nt, with Nt = NP + NT + Ns

the sum of the number of proteins, polynucleotides and solvent molecules. In dilute solution,

Nt ≈ Ns. Mass conservation requires that the scaled concentration of free proteins seq obeys

the following equality

seq = S(1− λ〈θ〉eq), (3)

where S ≡ φP/φc is the overall protein concentration scaled to the critical assembly concen-

tration and hence S is a measure for the supersaturation, and λ ≡ qρT/φP is the ratio of the

number of available binding sites on all polynucleotides qρT in the solution and the number

of coat proteins φP , i.e., the stoichiometric ratio of the solution.

It is immediately clear from equations 1 and 2 that the mean occupancy of the binding

sites, 〈θ〉eq = 〈θ〉eq(seq, σ, q), must be a function of the quantities seq, σ and q. This implies

that equation (3) needs to be solved self-consistently for the scaled concentration of free

proteins as a function of the experimentally controllable parameters, seq = seq(S, λ, σ, q). The

values of the cooperativity parameter σ and the number of binding sites per template q can,

at least in principle, be controlled through the design of the polynucleotide and the capsid

protein. The stoichiometric ratio λ is determined by the concentration of polynucleotides

and proteins, and the mass action variable S is set by the concentration and exact design of

the coat proteins through the critical aggregation concentration φc.

Given the above considerations, we present in Figure 2 the mean fraction of bound sites

〈θ〉eq, the fraction of naked polynucleotides Peq(0), and the fraction of completely encap-

sulated polynucleotides, Peq(q), as a function of the scaled protein concentration S for a
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Figure 2: Influence of the total protein concentration on the equilibrium state. Top: the
fraction of occupied binding sites 〈θ〉eq on the polynucleotide molecules. Bottom: the frac-
tion of naked polynucleotides Peq(0), and the fraction of fully covered polynucleotides Peq(q).
All are given as a function of the ratio of the total protein concentration to the critical con-
centration S, for a stoichiometric ratio λ, that is, the ratio between the number of available
binding sites and proteins in the solution, of zero and unity.
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cooperativity of σ = e−5, and polynucleotides consisting of q = 51 binding sites. We com-

pare results for two different values of the stoichiometry, λ = 0 and λ = 1. We will arbitrarily

choose the values σ = e−5 and q = 51 throughout this section and the next. We have verified

that other values do not give qualitatively different results.

Figure 2 shows that for S < 1 practically all polynucleotides are naked, implying that

the assembly is indeed highly cooperative on account of the small value of the cooperativity

parameter σ. If the concentration of proteins exceeds the critical concentration and S > 1,

the polynucleotides become encapsulated to a larger degree. Interestingly, the effective level

of cooperativity, measured, e.g., by how strongly the fraction of occupied sites or the number

of fully covered templates increases with increasing concentration, not only depends on the

value of σ but also on the stoichiometry of the mixture λ. The larger λ, the fewer proteins

are present in solution and the more difficult it is to encapsulate the templates. The effective

cooperativity of binding even at a seemingly ideal stoichiometry of λ = 1 is much smaller

than when protein is present in vast excess of the number of binding sites. Full coverage,

i.e., Peq(q) = 1 is only obtained at much higher protein concentration S and the protein

concentration required to reach saturation, 〈θ〉eq ≈ 1, differs by an order of magnitude. More

detailed information on the influence of the stoichiometric ratio λ on the fraction of occupied

binding sites 〈θ〉eq on the polynucleotide molecules and the fraction of naked polynucleotides

Peq(0) is shown in Figure 3 for a high, S = e2 ≈ 7.4, and a low, S = e0.4 ≈ 1.5, value of the

scaled protein concentration.

For values of λ between zero and unity, the fraction of bound sites 〈θ〉eq remains largely

unaffected, especially in the case of high protein concentration. If λ > 1, that is, if the

number of proteins is smaller than the number of binding sites, mass conservation dictates

that 〈θ〉eq < 1/λ, see Eq. (3). In Figure 3 this upper bound for the fraction of bound sites

1/λ is indicated by the thin black dotted line. The fraction of complete VLPs, Peq(q), starts

decreasing at much lower values of λ than the fraction of occupied binding sites 〈θ〉eq, which

means that fully formed VLPs are more strongly affected by the precise stoichiometric ratio
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Figure 3: Influence of stoichiometry λ on the equilibrium state. Top: the fraction of oc-
cupied binding sites 〈θ〉eq on the polynucleotide molecules. Bottom: the fraction of naked
polynucleotides Peq(0), and the fraction of fully covered polynucleotides Peq(q). They are
given as a function of the ratio of the number of available binding sites and proteins, i.e.,
the stoichiometric ratio λ, for a low ratio of the overall protein concentration and the critical
concentration, S = e0.4 ≈ 1.5, and a high ratio, S = e2 ≈ 7.4.

12



than the fraction of occupied binding sites.

For a stoichiometric ratio of unity, the sum of the fraction of fully covered particles

Peq(q) and the fraction of naked polynucleotides Peq(0) is much smaller than 〈θ〉eq. This

implies that complexes are dominated by incomplete intermediates, that is, a large fraction

of polynucleotides is neither completely encapsulated nor naked. From the perspective of

the virus or virus-like particles this is an undesirable state, as it leaves the polynucleotide

exposed to attack by enzymes including nucleases.

Finally, a lower cooperativity σ implies a larger value of the scaled protein concentration

S at which 〈θ〉eq starts to deviate appreciably from zero. Furthermore, we find that while

a larger value of the number of binding sites per polynucleotide q results, for example, in

a sharper transition from naked polynucleotides (〈θ〉eq = 0) to fully encapsulated polynu-

cleotides (〈θ〉eq = 1) at a stoichiometry of zero, generally speaking σ has no influence on

the qualitative dependence of 〈θ〉eq, Peq(q) and Peq(0) on the stoichiometry and the scaled

protein concentration.

With these equilibrium predictions in the back of our mind, we consider in the next

section the fraction of occupied binding sites 〈θ〉eq, the fraction of naked nucleotides Peq(0),

and the fraction of fully formed VLPs Peq(q) as a function of time, extending the earlier work

of Kraft et al.13 towards arbitrary stoichiometries λ ≥ 0. As we shall see, our insight in the

equilibrium properties of the model outlined in this section will be helpful in explaining the

non-monotonic time dependence of, e.g., the fraction occupied binding sites and the fraction

completely encapsulated templates, that we find under certain combinations of template and

protein concentrations.

Assembly dynamics

To describe the temporal evolution of the concentrations of all the supramolecular species

in a solution containing proteins and polynucleotides, that is, polynucleotides with n =
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0, 1, 2, ..., q proteins bound, we view the binding of the proteins to the templates as a set of

chemical reactions and write down the reaction rate equations. We consider the following

set of reactions to occur

P + NUCm−1

k+(m)
−−−−⇀↽−−−−
k−(m)

NUCm, with m = 1, 2, ..., q, (4)

where P denotes a capsid protein and NUCm a polynucleotide to which m proteins are

bound. We neglect the binding of protein oligomers to the polynucleotide and any non-

cooperative binding of proteins to the polynucleotide. To simplify the kinetic equations we

make similar assumptions as Kraft et al.13 : we presume the binding rate of proteins to

the polynucleotide to be equal for every reaction, such that k+(m) = k+. Furthermore,

by imposing that the system approaches thermodynamic equilibrium in the long-time limit,

t→∞, we calculate the equilibrium constants as

Km ≡
k+

k−(m)
=


σS
φP

= e−h−g, if m = 1,

S
φP

= e−ε−g, if 1 < m ≤ q,

. (5)

with, as previously defined, S = φP/φc the scaled protein concentration, φP the total pro-

tein concentration, φc = eε+g the critical concentration and σ = e−h+ε the cooperativity

parameter. Here, again, the dimensionless free energy h > 0 accounts for the conformational

switching of the first protein bound, ε < 0 is the protein-protein interaction free energy, and

g < 0 the protein-nucleotide interaction free energy. By defining the scaled binding rate of

proteins to the DNA k′+ ≡ k+φP , we can express all backward rate constants in terms of the

quantities k′+, σ and S and the equations in dimensionless time τ = k′+t. Finally, we define

the relative fraction of polynucleotides having n proteins bound as f(n, τ) ≡ P (n, τ)/Peq(n),

with P (n, τ) the fraction of polynucleotides with n proteins bound at time τ and Peq(n) its

equilibrium value calculated in the previous section.
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We obtain the following set of kinetic equations

∂f(0, τ)

∂τ
= −seq

S

(
y(τ)f(0, τ)− f(1, τ)

)
, (6)

∂f(1, τ)

∂τ
= −seq

S

(
y(τ)f(1, τ)− f(2, τ)

)
+

1

σS

(
y(τ)f(0, τ)− f(1, τ)

)
, (7)

∂f(n, τ)

∂τ
= −seq

S

(
y(τ)f(n, τ)− f(n+ 1, τ)

)
+

1

S

(
y(τ)f(n− 1, τ)− f(n, τ)

)
, (8)

∂f(q, τ)

∂τ
=

1

S

(
y(τ)f(q − 1, τ)− f(q, τ)

)
, (9)

dy(τ)

dτ
= − λ

qΞ

[(
y(τ)f(0, τ)− f(1, τ)

)
+

σ

q−1∑
n=1

sneq

(
y(τ)f(n, τ)− f(n+ 1, τ)

)]
, (10)

where 2 ≤ n ≤ q − 1, y(τ) = s(τ)/seq, s(τ) = ρP (τ)/φc is the scaled concentration of free

proteins at time τ , seq is the scaled concentration of free proteins in equilibrium, calculated

from Eq. (3), and Ξ is again the normalisation from Eq. (1). In the long-time limit, if

τ →∞, we have y(τ)→ 1 and f(n, τ)→ 1, such that all equilibrium equations are satisfied

and all concentrations are constant. We cannot solve this set of non-linear coupled differential

equations analytically albeit that in some limits analytical approximations can be made. We

will not dwell on this here. Therefore, we solve the equations numerically and refer to the

Supporting Information for more details on the numerical methods underlying the results

presented in this section. We assume P (0, 0) = 1 throughout this paper, implying that only

naked polynucleotides are brought into the solution of coat proteins at time τ = 0. Because∑q
n=0 P (n, τ) = 1, this defines all initial conditions.

Next we discuss in more detail how the fraction of occupied binding sites 〈θ〉(τ), the

fraction of naked polynucleotides P (0, τ) and the fraction of fully covered particles P (q, τ)

evolve as a function of time for typical values of the ratio of the overall protein concentration

to the critical concentration S, and the ratio of the number of binding sites and proteins

15



- 6 - 4 - 2 0 2 4 6
0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6
0.6295

0.631

0.6325

Figure 4: The mean fraction of occupied binding sites 〈θ〉(τ) as a function of dimensionless
time τ scaled to the cooperativity of binding the first protein onto the polynucleotide σ, the
ratio of the number of available binding sites and proteins λ, and the ratio of the overall
protein concentration to the critical concentration S. Results are shown for a vast excess of
proteins, λ = 0, a shortage of proteins, λ = 3/2, a low protein concentration, S = e ≈ 1.7,
and a high protein concentration, S = e3 ≈ 20. Inset: for λ = 3/2 and S = e3, the fraction
of bound sites 〈θ〉(τ) exhibits non-monoticity in the form of a (small) overshoot.

λ, i.e., the stoichiometric ratio of the solution. We monitor under what conditions the non-

monotonic growth of these fractions occurs, that is, for what values of S and λ what kind of

non-monotonic time evolution presents itself.

Figure 4 shows the mean fraction of occupied binding sites 〈θ〉(τ) as a fraction of dimen-

sionless time τ scaled to the cooperativity σ = e−5 ≈ 0.007, for a number of binding sites per

polynucleotide of q = 51. We scale the dimensionless time τ to the cooperativity σ because

for small values of σ the nucleation reaction is the rate limiting step, as can be seen from

Eq. (5). Thus, we expect the typical time to reach saturation proportional to 1/σ. The time

evolution of 〈θ〉(τ) is given for a stoichiometry λ of zero and 3/2, i.e., for a vast excess and

shortage of proteins, as well as for a low, S = e ≈ 1.7, and for a high, S = e3 ≈ 20, scaled

protein concentration S.

The increase of the average occupation 〈θ〉(τ) is independent of λ for lnστ ≤ −3. The

long-time value of 〈θ〉(τ), however, does depend on λ, as we can expect from the equilibrium

results of Figure 3. Therefore, the stoichiometry λ only influences the mean fraction of
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occupied binding sites after some initial period. This is not surprising, of course, because

for small times the solutions is not yet depleted of proteins binding to the template. The

lag time we find to decrease with increasing S. This is to be expected, for higher protein

concentration induce a stronger thermodynamic driving force for assembly.

Finally, as shown in the inset, we observe for large supersaturation S = e3 and a shortage

of proteins expressed in a stoichiometric ratio of λ = 3/2 the first example of non-monoticity:

a tiny - only 0.15% - but long-lived overshoot of the fraction of occupied sites 〈θ〉(τ).
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Figure 5: The fraction of naked polynucleotides P (0, τ) and the fraction of fully formed
VLPs P (q, τ) as a function of dimensionless time τ scaled to the cooperativity σ for a scaled
protein concentration S = e2 ≈ 7.4, and a ratio of the number of available binding sites and
proteins λ of zero and 1.5, representing an excess and a shortage of proteins. For short times
P (q, τ) and P (0, τ) do not depend appreciably on λ, while in equilibrium (ln στ � 1) they
differ significantly, see also Figure 3. Notice that for λ = 1.5 P (q, τ) exhibits an overshoot
at intermediate times and P (0, τ) an undershoot.

Next, we consider in Figure 5 the fraction of naked polynucleotides P (0, τ) and the

fraction of fully encapsulated VLPs P (q, τ) as a function of στ for a cooperativity of σ = e−5,

a number of binding sites per nucleotide of q = 51, a scaled protein concentration S = e2, and

for an excess as well as shortage concentration of proteins, setting stoichiometry at values of

λ = 0 and λ = 1.5. The dotted lines indicate the equilibrium values of the various curves.

Echoing what we find for the fraction occupied sites in Figure 4, we find that the decrease

of the fraction of naked polynucleotides is, for all intents and purposes, independent of the
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stoichiometry λ up to a time t ≈ 1/φPk+. This is the typical time needed for one successful

nucleation per each polynucleotide, and corresponds to lnστ ≈ −5 because we set σ = e−5

and τ ≡ φPk+t. Moreover, the probability of subsequent cooperative binding of proteins to

a polynucleotide is, after nucleation has occurred, initially much larger than in the long time

limit, at least for λ = 1.5.

The reason for this is straightforward to understand. Note first that if the number of

available binding sites is larger than the number of proteins, the equilibrium concentration

of free proteins is close to the critical concentration, whereas the initial free protein concen-

tration is approximately equal to the overall protein concentration. The initial sensitivity to

the value of λ and favourable cooperative binding causes the initial evolution for a solution

of λ = 1.5 to be similar to that of a solution of λ = 0. This means that the undershoot in

the concentration of naked polynucleotides P (0, τ) and the overshoot in the concentration

of fully formed VLPs P (q, τ) for λ = 1.5 are a consequence of the correction to the initial

evolution of the solution in order to acquire the correct long time limit of the respective

concentrations.

From Figures 4 and 5 we expect that the evolution of 〈θ〉(τ), P (0, τ) and P (q, τ) exhibits

non-monoticity only if the ratio of the number of binding sites and proteins is greater than

zero, λ > 0. This condition is required but not sufficient. We investigated for what values

of the stoichiometry λ and the scaled protein concentration S we find non-monotonic time

evolution in either of the three quantities. The results are summarised in Figure 6 for

a cooperativity of σ = e−5 ≈ 0.007 and a number of binding sites per polynucleotide of

q = 51. The region of overshoots in P (q, τ) does not overlap with the region of undershoot

in P (0, τ) and overshoots in 〈θ〉(τ), except for a narrow boundary region, where for example

the parameter values of the evolution shown in Figure 5 are located.

For small values of the stoichiometry we obtain a region of monotonic time evolution

evolution, and the boundary of this region with the P (q, τ) overshoot region correlates with

a large sensitivity of the equilibrium value of fully encapsulated polynucleotides Peq(q) to
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Figure 6: Non-monotonic evolution of the mean fraction of occupied binding sites 〈θ〉(τ), the
fraction of fully formed VLPs P (q, τ) and the fraction of naked polynucleotides P (0, τ), as
a function of the ratio of the number of available binding sites and proteins λ and the ratio
of the protein concentration to the critical concentration S. The location of the boundary
between the overshoots in 〈θ〉(τ) and the monotonic region for low λ is correlated to a large
sensitivity of the equilibrium fraction of fully formed VLPs with respect to the stoichiometry,
as can be seen in Figure 3 for S = e2.
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the stoichiometry λ, as can be seen in Figure 3 for the case of S = e2 ≈ 7.4. The crossovers

between the P (q, τ) overshoots and the other non-monoticities, however, do not seem to be

correlated to the sensitivity of any equilibrium concentration to the control variable, and

their cause remains unclear.
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Figure 7: The difference in the maximum fraction of fully encapsulated VLPs during assem-
bly Pmax(q) and the equilibrium fraction of fully formed particles Peq(q) as a function of the
ratio of the number of available binding sites to the number of proteins λ and the ratio of
the overall protein concentration to the critical concentration S. The maximum difference
on the raster is 0.165 at S = e2.2 and λ = 0.96.

Of interest is not only under what conditions of stoichiometry λ and protein concentration

S what kind of dynamical regime prevails. Also of interest is what the magnitude of the over-

or undershoot is. As an example, we present in Figure 7 the magnitude of the overshoot in

P (q, τ), defined as the difference between the maximum fraction of fully encapsulated VLPs

during the assembly Pmax(q) and the equilibrium fraction Peq(q), as a function of λ and S.

The maximum overshoot that we find is Pmax(q) − Peq(q) = 0.165 at S = e2.2 ≈ 9 and
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λ = 0.96, at least for a cooperativity of σ = e−5 and a number of available binding sites per

polynucleotide of q = 51. This is a sizeable overshoot, considering that for those conditions

Peq(q) = 0.17.

In the next section we compare our theory to the experiments on dsDNA and two kinds

of coat protein under conditions of non-zero stoichiometry. We pinpoint the parameters

which enter in our kinetic model: the nucleation free energy associated with switching a

protein from the solution to the bound conformation σ, the sum of the protein-protein and

protein-DNA interaction free energy ε+ g, and the binding rate of a protein to the DNA k+.

Comparison to experiment: procedure

In the previous section we studied the time evolution of the concentrations of the different

supramolecular species that according to our model assemble in a solution of proteins and

polynucleotides under conditions of a non-zero stoichiometric ratio. The question arises

how realistic the model actually is. To put our model to the test, we aim to compare our

model predictions with our experimental findings. For that purpose, we first describe our

experimental procedures and the curve-fitting methodology to obtain thermodynamic and

kinetic information on the temporal evolution of the length distribution of protein-DNA

aggregates of two kinds of protein. Then, we will draw a quantitative comparison with our

model and also re-evaluate the earlier experiments of Hernandez-Garcia et al.1

In our experiments we measure by means of AFM imaging, at different points in time, the

length of the significantly thickened part of DNA strands caused by binding of proteins to

DNA. See Figure 8a. Details on the proteins and the DNA follow below. The experimental

procedure can be summarized as follows: proteins, dsDNA and stabilizing agents in stock

solutions are pipetted into a microtube to obtain the desired concentration of, and ratio

between, protein and DNA molecules. We vortex the solution for a few seconds and incubate

it at room temperature (approximately 20 ◦C); the start of incubation is taken to be t = 0
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Figure 8: a) AFM image of the protein-DNA aggregates present in a sample of dsDNA
and coat proteins. The bright rod-like complexes show the thickened part of the DNA
encapsulated by protein (indicated by white bars) and the thin curved structures correspond
to the uncovered parts of DNA molecules. The scale bar corresponds to 500 nm. b) The
measured (yellow bars) and fitted (red curve) probability distribution of the length of the
aggregates arising in a solution of dsDNA and coat proteins with fourteen silk strands (C-S14-
B) after 2925 minutes of self-assembly. The measured probability distribution is obtained
by dividing the range of the measured aggregate lengths in intervals of 25 nm, and by
calculating what fraction of length measurements lie in a given length interval. The fit is
constructed from the equilibrium probability of finding a nucleated dsDNA in the solution
with n proteins attached, by letting n = q correspond to the largest measured aggregate
length, where q is the number of available binding sites per DNA molecule, and by summing
over the probabilities whose corresponding lengths fall within a length interval.
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of the experiment.

At multiple points in time we take a sample of 3-5 µL from the solution, deposit it on a

silicon surface and let it rest there for about two minutes. Thereafter, we rinse the surface

with 1 mL of pure water (MQ-water) to remove salts and non-absorbed particles. The excess

of water is soaked up laterally with a tissue and the surface is dried with N2 steam. To

correct for the possible binding of proteins to DNA before t = 0 and during deposition of

the sample on the silicon surface, and to account for any other disturbances of the sample

during rinsing and drying, we add an offset time t0 to the sample times, which we determine

afterwards by fitting our model to the measured length distributions.

The dried sample is imaged using atomic force microscopy (AFM). From the AFM images,

we measure the length of the thickened part of the aggregates, which is assumed to be

proportional to the number of proteins bound to the DNA molecule and will be referred to

as the aggregate length. A typical part of an AFM image is shown in Figure 8a, in which

also the length of the thickened parts of the protein-DNA aggregates has been indicated by

white bars. We identify this length as the encapsulated length. Distributions of encapsulated

aggregate lengths for different incubation times are obtained by determining the encapsulated

lengths of around 50 protein-DNA aggregates from a sample of the solution. An example

of such an experimentally determined distribution is shown in Fig. 8b. These experimental

distributions can be compared with theoretical predictions using our theory in a way that

we describe next.

For the length measurement we only consider the thickened part of the aggregates and

ignore the presence of naked DNA molecules. This is inevitable also because of the waiting

time and the limited field of view in the experiments. Hence, we need to compare the

experimental findings to a theoretical probability distribution of nucleated polynucleotides

Pnuc(n, τ), defined as

Pnuc(n, τ) =
P (n, τ)

1− P (0, τ)
, (11)

for 1 ≤ n ≤ q, with P (n, τ) the probability of finding a DNA molecule with n proteins bound
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at dimensionless time τ = φPk+t, q the number of available binding sites per DNA molecule,

and k+ the binding rate of proteins to the DNA.

To compare the theoretical distribution of partially covered polynucleotides to the exper-

imental length distribution, we construct a histogram for each sample by first dividing the

range of measured aggregate lengths in intervals, and, second, by calculating what fraction of

the measured aggregate lengths falls in each interval. Details can be found in the Supporting

Information. We scale the theoretical distribution to the experimental one, by letting n = q

correspond to the largest measured aggregate length, where q is the number of available

binding sites per DNA molecule. We then collect all theoretically obtained assembly lengths

into size categories corresponding to the experimental ones. By comparing the experimental

distribution to the curve fits, we determine the value of the fitting parameters. We optimise

the fit by eye because the statistical uncertainty in the measured probability distribution

is large. This is due to the relatively small number of counts per category, which are of

the order 10, at most. For more details on the production of the proteins, the employed

AFM imaging technique, and the processing of the raw data, the reader is referred to the

Supporting Information.

We set our model parameters to mirror the experimental conditions of the number of

available binding sites per DNA molecule q and the ratio of the number of available binding

sites and the proteins in the solution, i.e., the stoichiometric ratio λ. By taking into account

the approximate charge neutrality of a fully formed VLP,1 we can calculate the number of

available binding sites per DNA molecule q. Each dsDNA molecule consists of 2.5×103 base

pairs, which implies a net charge of −5.0 × 103 elementary charges. The capsid proteins

have a positive charge of +12 elementary charges each. Therefore, the number of available

binding sites is q = 5000/12 ≈ 417. Given the molar concentration of protein and DNA:

cP ' φP · cH2O and cDNA ' ρT · cH2O with cH2O the molar concentration of water molecules,

55.6 M, we can calculate the stoichiometric ratio as λ ≡ qρT/φP = qcDNA/cP .

By curve fitting, we extract the values for the ratio of the total protein concentration to
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the critical concentration, i.e., the scaled protein concentration S, the scaled concentration

of free proteins in equilibrium, seq, the cooperativity parameter, σ, the binding rate of the

proteins to the DNA, k+, and the offset time, t0, which we add to the time of all sample

measurements to take into account the uncertainties inherent to the experimental procedure.

For both kinds of protein, that we refer to as C-S10-B and S14, the position of the peak in

the distribution at 2 min determines the magnitude of the binding rate of proteins to the

DNA k+. For the case of the C-S10-B proteins, the offset time t0 is set by the position of

the peak at 15 min, and the cooperativity σ through the width of the distribution at 8 min.

Moreover, for the C-S14-B proteins the position and form of the peak at 15 min determines

both the offset time and the cooperativity.

Finally, to determine the scaled concentration of free proteins seq, we consider the length

distribution of the (partially) assembled polynucleotides at long times when equilibrium

presumably has been reached. In particular, we calculate the equilibrium distribution

of (partially) assembled polynucleotides Pnuc,eq(n) by using the fact that in equilibrium

P (n, τ) → Peq(n) and invoking Eqs. 1 and 11. As Pnuc,eq(n) only concerns nucleated

polynucleotides, it depends only on seq and q, and we are able to determine seq from the fit.

With the cooperativity parameter σ found, we can obtain the scaled protein concen-

tration S by inserting the cooperativity parameter σ, the stoichiometry λ and the scaled

concentration of free proteins seq into the mass conservation equation, see Eq. (3). More-

over, after calculating the dimensionless concentration protein, φP , we can extract the critical

concentration, φc = φP/S = eε+g. To find φP we consider its definition, φP = NP/Nt, where

Nt = Ns + NP + ND is the sum of the number of solvent, DNA and protein molecules

dissolved. Since Nsolvent is about seven orders of magnitude larger than NP and ND, we

write

φP ≈
NP

Ns

=
cP
cs
, (12)

with ci = Ni/V NA, V the volume of the solution and NA Avogadro’s number. From the

dimensionless concentration of proteins φP we calculate the dimensionless critical concentra-
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tion φc.

In the next section curve fits to the evolution of the length distribution of aggregates of

dsDNA and two kinds of protein are presented as well as a refit of the experimental data

of Hernandez-Garcia et al.,1 where we take into account the non-zero stoichiometry of the

experiments instead of the presumed zero stoichiometry of that work.

Comparison to experiment: curve fits

Hernandez-Garcia et al.1 reported on the design of artificial coat proteins using simple

polypeptide domains which have physicochemical functionalities resembling those of viral

coat proteins. As illustrated in Figure 1a, the coat proteins were made of three blocks: an

oligolysine binding block B−−K12 that binds non-sequence specifically to the dsDNA through

electrostatic interactions, a silk-like sequence Sn consisting of a variable number of silk strands

Sn−−(GAGAGAGQ)n that putatively dictates the cooperativity of the protein binding to the

DNA, and a hydrophilic random coil sequence C that prevents the different complexes from

aggregating.

Hernandez-Garcia et al.1 demonstrated that the effective, compact encapsulation of the

dsDNA depends strongly on the number of silk sequences per protein. They found that

the triblock proteins C − S10 − B and C − S14 − B that we consider here, assembled into

rod-like VLPs. The silk-strands fold into a beta-solenoid, as shown in the work of Zhao et

al.23 Different solenoids stack on top of each other due to hydrogen bonding, forming the

rod-shaped silk core of the VLP. Hernandez-Garcia et al.1 also demonstrated that charge

neutralization of the DNA by the binding blocks dictates that the DNA is compacted by a

factor of around three, illustrated in the schematic model of Figure 1b.

To investigate the influence of the number of silk strands per protein, we present curve fits

following the procedure outlined in the previous section to the time evolution of the length

distribution of two kinds of protein: one with ten silk strands (C-S10-B) and the other with
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fourteen silk strands (S14). This enables us to probe the sensitivity of our model parameters

(among which the cooperativity σ) to the number of silk-like sequences in the proteins used.

Our experiments have been carried out at (approximately) the same stoichiometry, allowing

us to probe the influence of the number of silk sequences. The production method of the

proteins is the same as Hernandez-Garcia et al.1 previously reported on, details of which

can be found in the Supporting Information. The dsDNA molecules we use are NoLimits
TM

individual DNA fragments consisting of 2.5× 103 base pairs.

Furthermore, we re-evaluate the data of Hernandez-Garcia et al.1 to probe how sensitive

the fitting parameters of our model are to invoking a presumed zero stoichiometry instead of

the actual stoichiometry. We present the curve fits to our new data and those of Hernandez-

Garcia et al. separately in the next three sections.

Curve fitting to the C-S10-B assembly data

For the coat protein with ten silk strands we use a molar concentration of dsDNA of

cDNA = 0.65 nM and a protein concentration of cP = 2695 nM, giving a stoichiometry of

λ = 0.101 and a dimensionless protein concentration of φP = 4.84 × 10−8. The times at

which samples were taken are t = 2, 8, 15, 25, 85, 180, 360, 480, 1500 and 3000 min. From

the measurement at t = 3000 min we find the scaled concentration of free proteins in equilib-

rium to be seq = 1.03 and using seq, we fit our theoretical model to the temporal evolution

of the experimental length distribution, see Figure 9.

By optimising the curve fit we find a cooperativity of σ = 0.004, implying that the nucle-

ation free energy associated with switching a protein from the solution to the bound confor-

mation is h− ε ≈ 5.5 kBT. The binding rate of a protein to the DNA is k+ = 4.1× 109 min−1,

and the offset time, taking into account possible disturbances of the samples, is t0 = 7 min.

These three parameters are determined by the position of the peak at 2 min, the peak at

15 min and the width of the distribution at t = 2, 8 and 15 min. We find the scaled protein
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Figure 9: The measured (yellow bars) and fitted (red curves) probability distributions of the
length of the aggregates arising in samples drawn from a solution of 2.5 kbp dsDNA and
coat proteins with ten silk strands (C-S10-B) at multiple stages of the self-assembly process.
The fit is determined by the position of the peak at 2 min, the width of the distribution at
8 min, the position of the peak at 15 min and the equilibrium distribution at 3000 min.
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Figure 10: The measured (yellow bars) and fitted (red curves) probability distributions of
the aggregate lengths in a solution of 2.5 kbp dsDNA and coat proteins with fourteen silk
strands (C-S14-B) at different times in the self-assembly process. The fit is determined by
the position of the peak at 2 min, the position and height of the peak at 15 min and the
equilibrium distribution at 2925 min.
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concentration to be S = 1.13 and obtain for the sum of the protein-protein and protein-DNA

interaction free energy a value of ε+ g ≈ −17 kBT.

These are reasonable values of the energetic parameters, for the self-assembly of VLPs is

a thermodynamically driven process involving non-covalent bonding of proteins to the DNA.

Furthermore, the free energies found by Hernandez-Garcia et al.1 for the self-assembly of

proteins with ten silk strands, with h− ε ≈ 5.3 kBT and ε+ g ≈ −18 kBT, are reasonably

close to the values we find here, although they presume in their curve fitting a stoichiometry

of zero while the actual value was λ = 0.324. This shows that the value of the energetic

parameters they find are robust.

Curve fitting the C-S14-B assembly data

To probe the influence of the number of silk strands on the binding energies we conduct

an assembly experiment with coat proteins having fourteen silk strands and compare the

fitted parameter values with those of a protein with ten silk strands. We conduct the

experiment with C-S14-B proteins at a molar concentration of dsDNA of cDNA = 0.65 nM and

a concentration of proteins of cP = 2016 nM, implying a stoichiometric ratio of λ = 0.134 and

a dimensionless protein concentration of φP = 3.63×10−8. The times at which samples were

taken are t = 2, 8, 15, 30, 64, 373, 1440, 2925 min. From the measurement of the length

distribution at t = 2925 min we obtain a scaled concentration of free proteins of seq = 1.04;

see Figure 8b.

In Figure 10 we present the fit of our model to the temporal evolution of the experimental

length distribution. From this fit we find the cooperativity to be equal to σ = 0.05, giving

a nucleation free energy associated with switching a protein from the solution to the bound

conformation of h− ε ≈ 3.0 kBT. Comparing this nucleation free energy to that for our

proteins with ten silk strands, which we found to be equal to h− ε ≈ 5.5 kBT, we conclude

that a protein with a larger number of silk strands must have associated with it a smaller
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nucleation free energy. This ties in with data for fibril-forming proteins with much longer

silk blocks (S24 and S48), for which it was found that fibril and hence hydrogel formation was

much more rapid for proteins with longer silk blocks.24

Returning to our experimental system, the cause of the lower nucleation energy for the

larger protein (C-S14-B) may be that it has a larger number of configurations in the bound

conformation, implying that the C-S14-B proteins have an entropically more favourable

switch to the bound conformation than the C-S10-B proteins.

The binding rate of a protein to the DNA is k+ = 3.6× 109 min−1, which is smaller

than for proteins with ten silk strands (k+ = 4.1× 109 min−1). As noted above, we have a

small number of measured aggregates per interval of the length distribution, giving rise to

a significant uncertainty in the value of the fitted parameters, and therefore we do not find

the binding rate of protein to the DNA to differ significantly. Moreover, we find the offset

time, which takes into account possible disturbances of the sample, to be t0 = 12 min, which

is comparable to but larger than the value we obtained for our experiment with C-S10-B

proteins, t0 = 7 min. The reason for this difference is not clear. The C-S14-B proteins might

be more sensitive to the process of rinsing and drying because of their size compared to the

C-S10-B proteins.

Finally, to determine the fitting parameters we focused on the position of the peak at 2

min and 15 min. The peak at 15 min pinned down the values of both σ and t0. From these

fitting parameters we obtain a scaled protein concentration of S = 1.19 and the sum of the

protein-protein and protein-DNA interaction free energy as ε+ g ≈ −10 kBT.

Re-evaluation of the data of Hernandez-Garcia et al.1

Hernandez-Garcia et al.1 measured the length of the different aggregates arising in a solution

of S10 proteins and dsDNA at times t = 10, 60, 350, 1485, 2880, 7440 minutes. Their curve

fit, with a presumed zero stoichiometry, provided a nucleation free energy associated with
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Figure 11: The data of Hernandez-Garcia et al.1 (yellow bars) and the fitted (red curves)
probability distributions of the aggregate lengths in a solution of 2.5 kbp dsDNA and coat
proteins with ten silk strands (C-S10-B) at different times in the self-assembly process. The
fit is made under conditions of non-zero stoichiometry, as opposed to the fit in the earlier
work of Hernandez-Garcia et al., and is determined by the position of the peak at 10 and 60
minutes, and the increase of the distribution in the last three bins in the measurement at 60
minutes.
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switching a protein from the solution to the bound conformation of h− ε ≈ 5.3 kBT and a

sum of the protein-protein and protein-DNA interaction free energy of ε+ g ≈ −18 kBT. To

evaluate the sensitivity of the interaction free energies to the presumed stoichiometry in the

model we fit their data with our model under conditions of a non-zero stoichiometry.

The molar concentration of proteins is cP = 830 nM and the concentration of DNA

molecules is cDNA = 0.65 nM. This implies a stoichiometric ratio of λ = 0.324 and a di-

mensionless protein concentration of φP = 1.49 × 10−8. From the presumed equilibrium

measurement at t = 7440 minutes we extract the scaled concentration of the free proteins in

equilibrium to be seq = 1.016. The fit of our kinetical model to the temporal evolution of the

experimental length distribution of the data of Hernandez-Garcia1 is presented in Figure 11.

From this fit we find a cooperativity of σ = 0.005, implying the nucleation free energy

associated with switching a protein from the solution to the bound conformation to be

h− ε ≈ 5.3 kBT. The binding rate of proteins to the DNA is k+ = 2.2× 109 min−1, and the

offset time is t0 = 5 min. These three parameters have been determined by focusing on the

position of the peak at 10 and 60 minutes, and the increase of the distribution in the last

three bins in the measurement at 60 minutes. We calculate the scaled protein concentration

as S = 1.40 and find the sum of the protein-protein and protein-DNA interaction free energy

to be ε+ g ≈ −18 kBT.

In summary, the values we find under conditions of non-zero stoichiometry are in agree-

ment with the values obtained by Hernandez-Garcia et al.1 , implying the free energy pa-

rameters of our model to be robust with respect to the stoichiometry.

Conclusion and discussion

In this paper we experimentally measure and theoretically describe the self-assembly kinet-

ics of synthetic coat proteins and polynucleotides using the nucleated Zipper model under

conditions of finite protein concentrations, that is, a non-zero stoichiometry. We find non-
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monotonic temporal evolution of the mean fraction of occupied binding sites, the fraction

of fully encapsulated polynucleotides and the fraction of free polynucleotides. This is in

contrast to the earlier results of Kraft et al.13 for the case of zero stoichiometry, that is, an

infinite excess of proteins in solution. We pinpoint under what conditions what kind of non-

monotocity prevails and quantify the level of overshoot in the fraction of fully encapsulated

polynucleotides.

We conducted assembly experiments with dsDNA and two engineered proteins in solution.

The proteins include a silk-like domain with ten (C-S10-B) and fourteen repeat units (S14).

The number of repeat units was previously hypothesized to be directly related to the level

of cooperativity of the binding process. From the fit of our model to the temporal evolution

of the length distribution of the aggregates we find for the C-S10-B proteins a nucleation free

energy, associated with switching a protein from the solution to the bound conformation,

of h − ε = 5.5 kBT, a binding rate of proteins to the DNA of k+ = 4.1× 109 min−1, and

for the sum of the protein-protein and protein-DNA interaction free energy, i.e., the binding

free energy ε + g = −18 kBT. For the C-S14-B protein we obtain h − ε = 3.0 kBT, k+ =

3.6× 109 min−1 and ε+ g = −10 kBT, respectively.

The sum of protein-protein and protein-DNA binding free energies for the proteins with

fourteen silk strands is smaller by a factor of almost 2 compared to that for the proteins

with ten silk strands. This is surprising because the two proteins feature identical binding

domains and, moreover, the larger silk block is expected to lead to a stronger protein-

protein interaction. The same reduction factor appears when comparing the sum of the

configurational and protein-protein free interaction energies, h−ε, between the two proteins.

This implies that also the sum of the protein-DNA binding and the configurational free

energies, g+h, differ by almost the same factor or, in other words, that the protein with the

larger silk domain is less prone to bind to DNA than that with the shorter one. A possible

cause for this is steric hindrance by the larger silk block.

In addition, we re-analysed the data of Hernandez-Garcia et al.1 accounting for the finite
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protein concentration. We find that the free energies are not very sensitive to the exact

stoichiometry, at least for sufficiently small values of this quantity, supporting the previ-

ously obtained values. We do note, however, that each size category of the histogram data

only contains about ten measurements and hence that the measured data have a significant

uncertainty. Furthermore, the fitting requires assigning values to no fewer than four free pa-

rameters, which in itself poses a challenge in establishing accurate values. This implies that

to be able to observe the predicted non-monotonicity in the assembly dynamics, experiments

need to be performed at much larger stoichiometries and with a significantly larger set of

data points than presented here.
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