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Abstract

We present a computational and experimental study on the folding and aggrega-

tion in solutions of multiple protein mixtures at different concentrations. We show

how in protein mixtures, each component is capable of maintaining its folded state at

desensitises higher then the one at which they would precipitate in single species solu-

tions. We demonstrate the generality of our observation over many different proteins

using computer simulations capable of fully characterising the cross-aggregation phase

diagram of all the mixtures. Dynamic light Scattering experiments were performed to

evaluate the aggregation of two proteins, the bovine serum albumin (BSA) and the

consensus tetratricopeptide repeat (CTPR), in solutions of one or both proteins. The

experiment confirm our hypothesis and the simulations. These findings elucidate crit-

ical aspects on the cross-regulation of expression and aggregation of proteins exerted

by the cell and on the evolutionary selection of folding and not-aggregating protein

sequences, paving the way for new experimental tests.
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Introduction

Proteins are involved in a wide range of physiological processes crucial for all living organism

.1 After the synthesis at the ribosome, polypeptide chain are exposed to a highly crowded

cellular environment,2 where, despite many non-specific interactions,3–5 the chain is capable

to select for a subset of amino acid contacts which funnel the free energy landscape toward

a unique native/folded state.6–10 In fact, cells evolved complex post-translational processes

that include chaperones to facilitate proteins to fold.

However, protein aggregation is mostly unavoidable when proteins are over-expressed at

concentrations higher than the physiological one.11–13 The linear anti-correlation between

expression levels and aggregation propensity is a remarkable experimental fact Fig. 1121,

especially considering the large number of protein species present in cells.14,15

Provided that the expression levels are kept below the precipitation concentration of

the isolated species, the result suggests the intriguing possibility that protein folding is un-

perturbed by the presence of the other proteins. The alternative would require a complex

regulatory process that would suppress all the potential interacting partners upon the in-

crease of the expression level of a specific protein. However, such a condition is incompatible

with the linear dependence mentioned above. Hence, it is natural to assume that, in order

to guarantee the correct biological functions, proteins have evolved to have a low enough

propensity to aggregate within a range of protein expression required for their biological

activity. However, also this hypothesis requires a remarkably complex process of selection

where each protein mutation was acceptable only if it did not introduce unwanted interac-

tions with all the other potential partners in the organism. Such a selection process is often

referred to as negative design17–22 and it is used to optimise the folding and the interactions

of specific proteins. From such studies, it becomes apparent that the negative design against

1Protein propensity to aggregate is also correlated with the sub-cellular volume where the protein resides:
proteins tend to be abundant and highly soluble when localised in small sub-cellular environment like the
ribosome, while they show a higher propensity to aggregate at lower concentration when localised in larger
volumes like the cytosol.13
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Figure 1: Expression levels of proteins measured by the cellular mRNA concentrations,16 

plotted versus their aggregation rates in seconds and plotted on a base 10 log scale (adapted 
from12). Each point corresponds to an independent experiment performed on a specific pro-
tein. For details on the specific experiments we refer to Table 1 of the review of Tartaglia et 
al.12 The linear anti-correlation trend suggests each protein is regulated up to its aggregation 
concentration independently of the other proteins.

thousand of potential partners is a problem of incredible complexity.

Here we present a computational and experimental study to support a different hypothesis

to explain the uncorrelated behaviour of protein folding. With our model, we imitate a sim-

ple cellular environment, where each protein coexists in its native state with a large number

of different proteins. We show how phylogenic unrelated proteins (artificial and natural) are 

unperturbed by each other precisely up to their corresponding aggregation concentration.

We observe that our proteins can keep their native conformation at higher concentration

when solvated in heterogeneous solutions (multiple copies of different proteins) compared
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to their aggregation concentration (determined in our previous study 23) in homogeneous 

solutions (multiple copies of the same protein). Finally, we have verified these conclusions 

experimentally by the evaluation of the aggregation behaviour of two model proteins, the 

bovine serum albumin (BSA) and the consensus tetratricopeptide repeat (CTPR). The ex-

perimental results fully support the theoretical studies, since heterogeneous proteins mixtures 

at total protein concentration above the aggregation threshold of one of the components did 

not show any aggregation.

Results

To tackle computationally the folding/aggregation problem in solutions involving tens of 

proteins we adopt a coarse-grain model for protein solvated by water,23–29 based on a wa-ter 

model that reproduces–at least qualitatively–the thermodynamic properties of the sol-vent.30–

32 We perform Monte Carlo simulations to design artificial protein structures, with a well 

tested scheme,33,34 recently extended to optimize the protein sequence to the water properties 

at a given temperature and pressure.28 Once designed, the Monte Carlo fold-ing/aggregation 

simulations are performed with a statics involving from ∼ 20 to ∼ 200 independent runs–each 

up to ∼ 4 × 107 steps–according to the number of proteins (see the Supplementary 

Informations for further details).

In a recent study23 we have studied 8 designed proteins (named A0, A1, A2, B, C, D, E 

and F ) capable of folding into aqueous environment27–29 (see Fig. S1 in the SI). For each 

protein, we confirmed the proper refolding at low concentration and we studied the folding 

behaviour as a function of the concentration. In particular, we identified three main regions: 

FOL where the proteins are completely folded, in UNF the proteins are neither fully folded 

neither aggregated, and in AGG the proteins are unfolded and aggregated. The UNF is 

extremely interesting and is the subject of our previous study23 so we will not focus our 

attention on it here. In Tab. 1 we list the concentrations cUNF→AGG of the UNF → AGG

5
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Figure 2: Phase diagrams of heterogeneous solution of proteins a) A0 vs B and b) A0 vs
C respectively. The folded regions of protein of A0 is orthogonal to B and C with a small

dependence from each others concentrations. The circles represent the c(A0)
F OL→UNF

transition

line estimated by our computer simulations, while the squares represent the c(B)
F OL→UNF and

the c(C)
F OL→UNF UNF→AGGrespectively. The triangles represent the c(A0) 

transition line, while the

pentagons the c
(B)
UNF→AGG and the c

(C)
UNF→AGG respectively. The simulation grid points are in

Fig. S7 in the SI.

In this work we describe how the same proteins fold in heterogeneous mixtures with the

following scenarios i) A0 and B; ii) A0 and C; iii) A0 and A1; iv) A0 and A2; vi) A0, B, C, D

and E ; where each species is expressed up to the 25% (hence the total protein concentration

considered is up to 50%). In what follow we discuss in detail the behaviour of proteins A0

and B, and the “vi” scenario, while data for the other cases are reported in the SI as show

a similar trend (see Fig. S4).

Our findings are summarised in the phase diagram (for the specific case of proteins A0

vs B and A0 vs C), computed by our simulations and shown in Fig. 2.

Our results show that any tested protein i in a solution of proteins i and j, is capa-

ble to fold into the native conformation as long as the protein i is expressed below the
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FOL → UNF threshold, i.e. whenever c(i) < c
(i)
FOL→UNF . In fact, correct folding occurs

even if the total protein concentration ctot ≡ c(i) + c(j) overcomes the threshold concentra-

tion c
(i)
FOL→UNF . Moreover, the free energy of the protein i remains unaffected (within the

numerical error) by the presence of the other protein species j (Fig. S5a,b in the SI). These

results demonstrate that the folding of binary protein mixtures depends essentially on their

individual concentrations.

At high concentrations c(i) > c
(i)
FOL→UNF proteins undergo the FOL→ UNF transition,

but the free energy profile is slightly affected by the presence of the other proteins and

keeps its minimum (Fig. S5c,d in the SI). This holds until ctot roughly overcomes c
(i)
UNF→AGG,

when the UNF → AGG transition is induced in the protein i although c(i) < c
(i)
UNF→AGG

(Fig. S5f,g in the SI) and the minimum of the free energy shifts at lower value of Nc. By 

further increasing ctot the aggregation is induced. In this case, we found that the aggregates are 

mostly formed between proteins of the same species. We quantified such observation 

measuring the average number of inter-proteins contacts between the same protein species 

(HOMO) and different species (HETERO). In Fig. S9 of the SI we compare the number of 

HETERO and HOMO contacts for various protein mixtures. The result demonstrate that 

HOMO contacts dominates over the the HETERO ones.

Moreover, our results indicate that the propensity to aggregate is mostly dictated by 

similarities in protein sequence more than in protein structure. Indeed, as shown if Fig. S4, the 

free energy profiles of proteins A0, A1 and A2 (all sharing the same native structure but with 

different sequences) mixed in protein mixtures, are essentially unaffected by the presence of 

the other proteins, resulting in a picture analogous to what observed in mixtures of proteins 

differing in structure and sequence, shown in Fig. S5a,b,c,d.

Our results remain valid even if we push our model closer to a typical cell environment 

where the number of species is much larger than two. We then studied the behaviour 

of proteins solvated in a heterogeneous solution composed of more than two species. In 

particular, we consider a solution composed by proteins A0, B, C, D and E, each expressed
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Figure 3: Free energy profiles of proteins in a heterogeneous solution of proteins A0, B, C,
D and E, where each protein is expressed at c = 3%. Clear blue lines show the profile of
the free energy for each protein i, when solvated in a homogeneous solution at c(i) = 3%.

at concentration c = 3% (therefore ctot = 15%). In Fig. 3 we report the free energy profiles

of protein A0 (the others are in Fig. S6 in the SI), in comparison with the profile of a

homogeneous solution at c(i) = 3%. We observe that, also, in this case, the free energy

remains substantially unaffected close to the minimum. Hence, we can conclude that even in

the general scenario of heterogeneous proteins mixtures correct folding occurs in the condition

that each protein is expressed below their isolated precipitation concentration as observed

in cells.12

In order to experimentally verify the qualitative predictions of the phase diagrams in

Fig. 2, we selected two proteins with distinct physicochemical properties. The first selected

protein is the bovine serum albumin (BSA), while the second selected is a designed consensus

8
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Figure 4: Folding vs. aggregation in heterogeneous protein solutions. Hydrodynamic di-
ameter (Dh) of BSA and CTPR3 solutions determined after heat denaturation of the het-
erogeneous protein mixtures at a constant concentration of CTPR3 (C3) (0.5 mg/ml) and
increasing concentrations of BSA (0.5-4 mg/ml).

tetratricopeptide repeat (CTPR) with three identical repeats, CTPR3 as an example of an

entirely different class of protein. Once the aggregation concentration thresholds have been

established (see Fig. S8 in the SI) for BSA (5 mg/ml) and CTPR (1 mg/ml), heterogeneous

proteins solutions were evaluated. In this experiment, the concentration for CTPR3 is fixed

below its aggregation threshold to 0.5 mg/ml. Then increasing concentrations of BSA are

tested to pass the CTPR aggregation threshold when the total protein concentration is

considered. In all cases, the total concentration is below the concentration aggregation

threshold for BSA. The experimental results of the folding vs aggregation in heterogeneous

proteins solutions show that CTPR protein can fold into its native conformation at total
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protein concentrations above its aggregation threshold (Fig. 4). Neither the BSA nor the 

CTPR are amyloid forming proteins so we do not expect the aggregates to be fibrils. However, 

further analysis of the aggregates is the subject of current investigation.

Conclusions

We have presented a computational and experimental study on the competition between fold-

ing and aggregation of proteins in homogeneous and heterogeneous solutions. Inappropriate 

protein aggregation represents a crucial issue in biology and medicine, being associated with 

a growing number of diseases such as Alzheimer’s and Parkinson’s disease.35–38 The main 

conclusion of this work is that proteins tend to fold uninfluenced by the presence of other 

proteins provided that their single concentration is below their specific unfolding concentra-

tion cF OL→UNF . In other words proteins do not aggregate in heterogeneous mixtures even 

if the total protein concentration is much higher than the aggregation threshold for a single 

protein. It is important to stress, that such robustness of the folding in heterogeneous mix-

tures occurs without any particular design procedure against aggregated or misfolded states, 

or any external help during the refolding. In order to verify our hypothesis, we performed 

experiments on the aggregation of a binary mixture of two proteins without any phylogeny 

correlation, namely the BSA and CTPR3. The proteins have different unfolding/aggregation 

concentrations, and in particular, the CTPR3 clear aggregation threshold allows for unam-

biguous identification of any transition events. Hence, we could identify very precisely the 

cUNF→AGG for CTPR3. When we combined the BSA and the CTPR3 we did not observe 

and aggregated states of CTPR3 even at total protein concentrations much higher than 

cUNF→AGG. This result confirms our hypothesis that proteins fold mainly ignoring the other 

proteins in solutions.

Experimental observation shows that protein regulation is linearly correlated with the 

aggregation tendency confirming our hypothesis.12 Considering that in cells there are many
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different proteins, the combinatorial problem of cross regulating proteins to prevent aggre-

gation would be extremely complicated. Our results instead show that the problem can be

simplified to the matter of making sure that each protein is never over-expressed above its

precipitation concentration. Of course, any post-translational modifications or chaperones

action will have a positive contribution that further help against aggregation, but it does

not change the baseline set by our results.
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