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We present a computational study on the folding and aggregation of proteins in an aqueous
environment, as a function of its concentration. We show how the increase of the concentration
of individual protein species can induce a partial unfolding of the native conformation without the
occurrence of aggregates. A further increment of the protein concentration results in the complete
loss of the folded structures and induces the formation of protein aggregates. We discuss the effect
of the protein interface on the water fluctuations in the protein hydration shell and their relevance
in the protein-protein interaction.

I. INTRODUCTION

Proteins cover a range of fundamental functions in the
human body: i) the enzymes and hormones are proteins;
ii) proteins can carry other biomolecules within the cellu-
lar environment; iii) proteins are a source of energy; iv)
proteins are necessary to build and repair tissues [1].
A protein is synthesised in the ribosome and, despite
the fact that the cellular environment is very crowded,
it is capable of reaching its native conformation (mostly
dictated by the protein sequence). This process is usu-
ally spontaneous–at least for small protein–or is driven
by complex interactions with other biomolecules, like the
chaperones. Proteins can aggregate after they folded in
the native state — through the formation of chemical
bonds or self-assembling — or via unfolded intermedi-
ate conformations and their propensity to aggregate is
related to a series of factors, like the flexibility of the
protein structure [2] or the sub-cellular volume where
the protein resides [3]. In particular, non-native pro-
tein aggregates are commonly formed through a multi-
step process and are composed by native-like–partially
folded intermediate structures [4–7]. Inappropriate pro-
tein aggregation represents a crucial issue in biology and
medicine, is associated with a growing number of diseases
such as Alzheimer’s and Parkinson’s disease [8–11]. Pro-
teins have evolved to have a low enough propensity to
aggregate within a range of protein expression required
for their biological activity, but with no margin to re-
spond to external factors increasing/decreasing their ex-
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pression/solubility [3, 12, 13]. Indeed, protein aggrega-
tion is mostly unavoidable when proteins are expressed
at concentrations higher than the natural ones.

The mechanisms leading to the failure of the folding
process and the formation of potentially dangerous pro-
tein aggregates are a matter of large scientific debate
[14], where computational tools have largely contributed
to elucidate some crucial aspects. Nevertheless, to date
an extensive computational study of protein aggregation
with all-atom simulations including the solvent explic-
itly remains not practicable, making the coarse-grain ap-
proach an ultimate tool to rationalise those complex sys-
tems [15, 16]. In particular, lattice models have been
largely exploited to address fundamental questions on
protein folding and aggregation [17–27]. According to
these studies, the presence of more than one chain leads
to aggregate—although each protein contains a consid-
erable fraction of native structure—with consequent loss
of the funnel-like free-energy landscape [17, 19, 24].

All these studies, usually performed with a fixed se-
quence [15, 17] of with Go-like models [19, 20], miss the
explicit contribution of water, which instead is supposed
to play an essential role in the protein-protein recognition
and aggregation [28–33]. Moreover, works implicitly ac-
counting for water show that proteins with hydrophobic
amino acids on the surface are prone to aggregate [25],
although in nature many proteins present a considerable
fraction of hydrophobic and non-polar amino acids on
their native surface.

Here we present a computational study on the folding,
stability and aggregation of proteins optimised accord-
ing to the environment. We consider a series of native
protein structures, and for each, we determine one or
more sequences designed to make the protein fold into the
aqueous environment [34, 35]. Each sequence exhibits a
different ratio between the number of hydrophilic amino
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acids exposed to the solvent and the number of hydropho-
bic amino acids buried into the core of the protein in its
native conformation. For each protein, we study its capa-
bility to fold as a function of its concentration. We show
that the propensity to aggregate is not strictly related to
the hydrophobicity of the protein surface. Moreover, for
all the designed sequences, at the thermodynamic equilib-
rium, the concentration at which the (partial) unfolding
occurs is lower than the concentration where the aggre-
gation is observed. This phenomenon would suggest a
possible two-steps smooth transition between the folded,
unfolded and aggregated states of proteins. Finally, fo-
cusing on binary systems (i..e solutions with only two
proteins), we discuss the extent of the water statistical
fluctuations – related to the hydrogen bond dynamics –
between two folded or unfolded proteins in relation with
the effective protein-protein interaction.

II. THE METHOD

To perform this study we adopt a coarse-grained lat-
tice representation of proteins which is computationally
affordable and has been widely adopted in literature [34–
41]. A protein is represented as a self-avoiding het-
eropolymer, composed of 20 amino acids. The residues
interact through a nearest-neighbour potential given by
the Miyazawa Jernigan interaction matrix [42–44] [45].

The protein is embedded in water, explicitly modelled
via the Franzese-Stanley water model which expressly ac-
counts for many-body interactions and has been proven
to reproduce, at least qualitatively, the thermodynamic
and dynamic behaviour of water [46–50], including its
interplay with proteins [34, 35, 40, 51–53]. The coarse-
grain representation of the water molecules, adopted to
describe water at a constant number of molecules N , con-
stant temperature T and constant pressure P , replaces
the coordinates and orientations of the water molecules
by a continuous density field and discrete bonding vari-
ables, respectively. The discrete variables describe the
local hydrogen-bond (HB) formation and its cooperativ-
ity, leading to a local open–tetrahedral structure of the
water molecules.

Since the protein is composed by hydrophilic ζ and
hydrophobic Φ amino acids, we assume that the first in-
teract with water decreasing the local energy, while the
second affect the water–water HB in the Φ hydration shell
[54]. In particular, we assume that i) the water–water HB
at the Φ interface are stronger than HB formed in bulk
consistent with the observation that water-water HBs in
the Φ hydration shell are more stable and more corre-
lated with respect to the bulk HBs [55–60]; ii) the local
density fluctuations at the Φ interface are reduced upon
pressurisation, as observed in [61–64].

A detailed description of the model is reported in the
next section, and Ref. [34, 40, 53]. Here we resort to
using the 2D version of the model because it is faster
to simulate and simpler to visualise The analysis of the

3D version is object of current systematic investigation,
with preliminary results that confirm our findings qual-
itatively in 2D: (i) we checked that the water model in
3D is in agreement with our current understanding of the
bulk water phase diagram [65]; (ii) we verified that the
protein folding analysis performed in 2D can be extended
with similar results in 3D [66]; (iii) we also extended the
protein design results to 3D with preliminary results con-
sistent with those in 2D [67]. Since the design and fold-
ing in 2D is easier than in 3D because the conformational
space is smaller [68–71], the unfolding event we discuss
in this work should be even easier to find in 3D. We then
expect that our results would be not only confirmed in a
3D model but would be even stronger.

Protein A0 Protein A1 Protein A2

Protein B Protein C Protein D

Protein E Protein F

FIG. 1. Here we show all the proteins considered in our simu-
lations. Each amino acid is represented with a different color.
By shifting one sequence with respect to the other we estab-
lish the maximum overlap between them. We find that A0

and A1 have 10 amino acids in the same position ; A0 and A2

have 6 corresponding amino acids; A0 and B have 5 overlap-
ping amino acids; A0 and C share 5 amino acids; A0 and D
have 6 amino acids in common; A0 and E have 8 amino acids
in common; A0 and F share 6 amino acids; B and C share 6
amino acids.

We consider 8 different proteins, which we label as
A0, A1, A2, B, C, D, E and F , which native states
are shown in Fig. 1. Each capital letter in the protein
label identifies a different native structure, while differ-
ent subscript numbers refer to different sequences associ-
ated with the structure. Therefore, proteins A0, A1 and
A2 share the same native structure but have different se-
quences. All the native structures have been selected con-
sidering maximally compact conformations, composed of
36 or 49 amino acids. Then, for each native structure, the
protein sequence has been established through a design
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FIG. 2. Composition of the designed proteins. The hy-
drophilicity (hydrophobicity) of the protein surface (core) is
given by the ratio between the number of hydrophilic (hy-
drophobic) amino acids on the surface (core) and the total
number of amino acids exposed to the solvent (buried into
the core) when the protein attains its native conformation.

scheme, based on the standard approach introduced by
Shakhnovich and Gutin [72, 73] and successfully adopted
to design realistic off-lattice proteins [68, 69, 74, 75], but
accounting explicitly for the water properties in the pro-
tein hydration shell [34]. We perform Monte Carlo (MC)
simulations, of the model described in the next section,
fixing the pressure and temperature and changing the
volume of the system continuously. To simplify the MC
algorithm:

(i) We partition the space into a regular square lattice
such that each lattice cell has, by definition, the
volume coinciding with the proper volume of each
molecule (water or residue);

(ii) We assume that all proper volumes are equal (but
continuous) if there are no hydrogen bonds, in such
a way that by changing the total volume of the sys-
tem we change (of the same proportion) also the
volume of each molecule when there are no hydro-
gen bonds;

(iii) We assume that all the (local) volume hetero-
geneities are due to the presence of the hydrogen
bonds: the proper volume of each molecule is a lin-
ear function of the number of hydrogen bonds made
by the same molecules.

Therefore, the space is continuous but partitioned in a
regular way that allows us (a) to account for local vol-
ume heterogeneity due to the hydrogen bonds, and (b) to
simplify the MC algorithm by defining the neighbouring
list.

In our isobaric–isothermal simulations at ambient con-
ditions, we keep fixed the protein conformation in its na-
tive state and mutate the amino acids, to explore the
phase space of sequences. For each sequence, the sur-
rounding water is equilibrated, and the average enthalpy
H of the hydrated protein (residue–residue energy plus
the average enthalpy of the water molecules in the hy-
dration shell) is computed. The sequence to whom cor-
responds the minimum value of H is selected as the best
folder.

Our MC algorithm includes (I) water moves and (II)
protein moves.

(I) The water moves consist of (1) forming or break-
ing the hydrogen bonds and (2) rescaling the total
volume of the simulation box [50].

(II) The protein moves depend on if we are performing
(A) design or (B) folding:

(A) Design consists in (1) point mutations of the
proteins, (2) residue identity swapping, and
(3), after every mutation, several water moves
to equilibrate the system [34].

(B) The folding moves are (1) pivot moves, (2)
corner flips and (3) crankshaft moves same as
used in [43] but in 2D [40, 52].

The design scheme leads to sequences which are not
perfectly hydrophilic on the surface and hydrophobic into
the core, consistent with what is observed in real pro-
teins [76, 77]. The hydropathy of the designed protein
surface and core is shown in Fig. 2, while the full amino
acid composition of each sequence is shown in Fig. 6.
It is worth to be noted that all the sequences generated
differ from each other (the maximum overlap between
the sequences is of 10 amino acids[78]), sampling a range
of values of the hydrophilicity (hydrophobicity) of the
protein surface (core), irrespective of the native struc-
ture. Each designed sequence is folded alone at ambi-
ent conditions to prove its capability to reach the na-
tive state. Once the proteins have been designed, we
simulate the folding of multi-protein systems in a range
of concentrations c ∈ [1%, 55%], considering homoge-
neous solutions, i.e. when all the sequences are equal.
Along with the simulations, we compute the free energy
landscape as a function of the total number of native
contacts Nc and inter-protein contacts Ic to study the
folding–aggregation competition. The free energies are
computed from the natural logarithm of the probabil-
ity of observing a given value of the order parameter
F (A) = −kBT lnP (A). In particular we studied the
free energy F (Nc, Ic) = −kBT lnP (Nc, Ic), where Nc
are the numbers of contacts in common with the native
structure normalised by total number of native contacts,
and Ic are the inter-protein contacts normalised by the
maximum number of inter-contacts.
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III. THE MODEL

The coarse-grain representation of the water molecules
replaces the coordinates and orientations of the wa-
ter molecules by a continuous density field and discrete
bonding variables, respectively. The density field is de-
fined on top of a partition of the volume V into a fixed
number N of cells, each with volume v ≡ V/N ≥ v0, be-
ing v0 ≡ r30 the water excluded volume and r0 ≡ 2.9 Å the
water van der Waals diameter. The size of a cell r ≥ r0
is a stochastic variable and coincides, by construction,
with the average distance between first-neighbour water
molecules. The general formulation of the model envis-
ages to each cell i an index ni = 1 or ni = 0 according to
the size r (which varies a lot from the gas phase to the
super-cooled one), to distinguish when the molecule can
form hydrogen bonds (HBs) or not, respectively. Here,
since we perform the study at ambient conditions, we as-
sume that all the molecules can form HB, placing ni = 1
to all cells. Therefore such an index is removed from the
following expression for the sake of simplicity (for general
formulation see for example Ref. [34, 40, 46–53, 79–81]).

The Hamiltonian of the bulk water is

Hw,w ≡
∑
ij

U(rij)− JN (b)
HB − JσN

(b)
coop. (1)

The first term, summed over all the water molecules i and
j at oxygen-oxygen distance rij , is given by 4ε[(r0/r)

12−
(r0/r)

6] for r0 < r < 6r0, U = ∞ for r ≤ r0, and U = 0
for r ≥ 6r0 (cutoff distance). We fix ε = 2.9 kJ/mol.

The second term of the Hamiltonian represents the di-
rectional component of the water-water hydrogen bonds
(HB). By assuming that a molecule can form up to four
HBs, we discretize the number of possible molecular con-
formations introducing four bonding indices σij for each
water molecule i. the variable σij describes the bonding
conformation of the molecule i with respect to the neigh-
bour molecule j. Each variable σij has q possible states,
and if σij = σji an HB between the molecules i and j is
formed, with the characteristic energy J/4ε = 0.3. The

number of HB is then defined as N
(b)
HB ≡

∑
〈ij〉 δσij ,σji

,

with δab = 1 if a = b, 0 otherwise. An HB is bro-
ken if the oxygen-oxygen-hydrogen angle exceeds the 30◦;
therefore, only 1/6 of the entire range of values [0,360◦]
of this angle is associated with a bonded state. Fixing
q = 6 we correctly account for the entropic loss due to
the HB formation.

The third interaction term in Eq. (1) corresponds to
the cooperative interaction of the HBs due to the oxygen-
oxygen-oxygen correlation. This effect originates from
quantum many-body interactions of the HB [82] and in
bulk leads the molecules toward an ordered tetrahedral
configuration [83]. This term is modelled as an effective
interaction–with coupling constant Jσ–between each of
the six different pairs of the four indexes σij of a molecule

i. Hence, we have N
(b)
coop ≡

∑
ikl δσik,σil

which defines
the cooperativity of the water molecules. By assuming

Jσ � J , we guarantee the asymmetry between the two
terms [46].

For any HB formed in bulk, the local volume increases

of the quantity v
(b)
HB/v0. The associated enthalpic vari-

ation is −J + Pv
(b)
HB , being P the pressure. It accounts

for the P disrupting effect on the HB network. Here

v
(b)
HB/v0 represents the average volume increase between

high-density ices VI and VIII and low-density ice Ih
[46]. Hence, the volume of bulk molecules is given by

V (b) = Nv +N
(b)
HBv

(b)
HB.

The water-water hydrogen bonding in the protein hy-
dration shell depends on the hydrophobic (PHO) or hy-
drophilic (PHI) nature of the hydrated amino acids, and
is described by the Hamiltonian

H (h)
w,w ≡ −

[
JPHONPHO

HB + JPHINPHI
HB + JMIXNMIX

HB

]
+ (2)

−
[
JPHO
σ NPHO

coop + JPHI
σ NPHI

coop + JMIX
σ NMIX

coop

]
,

where NPHO
HB , NPHI

HB and NMIX
HB indicate respectively the

number of HB formed between two molecules hydrat-
ing two hydrophobic amino acids, two hydrophilic amino
acids, one hydrophobic amino acid and one hydrophilic
amino acid. Analogously NPHO

coop, NPHI
coop and NMIX

coop rep-
resent the cooperative bonds at the hydrophobic, hy-
drophilic and mixed interface.

The hydrophobic interface strengthens the water-water
hydrogen bonding in the first hydration shell [57, 59, 84,
85] and increases the local water density upon pressuriza-
tion [57, 86–88]. The first effect is included by assuming
JPHO > J and JPHO

σ > Jσ. This condition guarantees
that the solvation free energy of a hydrophobic amino
acid decreases at low temperature T [89]. The second
one is accounted assuming that the volume associate to
the HB at the PHO interface decreases upon increasing
P , vPHOHB/v

PHO
HB,0 ≡ 1 − k1P [40]. In this way, the den-

sity fluctuations at the PHO interface are reduced at high
P . The volume contribution V PHO to total volume V due
the HBs in the hydrophobic shell is V PHO ≡ NPHO

HBv
PHO
HB.

We assume that the water-water hydrogen bonding and
the water density at the hydrophilic interface are not af-
fected by the protein. Therefore, JPHI = J , JPHI

σ = Jσ
and vPHIHB = v

(b)
HB. Finally, we fix JMIX ≡ (JPHO + JPHI)/2

and JMIX
σ ≡ (JPHO

σ + JPHI
σ )/2.

Lastly, we assume that the protein-water interaction
energy is −εPHO or −εPHI, depending if the residue is hy-
drophobic or hydrophilic, respectively. As reported in
Ref. [34], we express the model parameters in units of
8ε, and fix the value to J = 0.3 and Jσ = 0.05 (bulk
water), JPHI = J and JPHI

σ = Jσ (water at hydrophilic
interfaces), JPHO = 1.2 and JPHO

σ = 0.2 (water at hy-
drophobic interfaces), εPHO = 0 or εPHI = 0.48. Finally,

we fix k1 = 4, v
(b)
HB/v0 = 0.5 and vPHOHB,0/v0 = 2. These

choices balance the water-water, the water-residue and
the residue-residue interactions, making the proteins sta-
ble for thermodynamic conditions comprised in the (sta-
ble and metastable) liquid phase, including ambient con-
ditions. Moreover, by enhancing the interface interac-
tions, we account for the lower surface volume ratio of
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the model (formulated in two dimensions) with respect
to a three-dimensional system.

All the results presented in this work have been tested
under the change of parameters. In particular, we have
decreased the effect of the protein interface on the water-
water interaction observing a decrease in the concentra-
tion thresholds at which the proteins unfold and aggre-
gate, but the phenomenology observed is substantially
the same.

IV. FOLDING VS AGGREGATION IN
HOMOGENEOUS PROTEIN SOLUTIONS

In Fig. 3 we show the free energy landscape F (Nc, Ic)
of proteins A0, B and C as function of Nc and Ic simu-
lated in a concentration range c ∈ [1%, 55%]. In all the
cases we observe that for low concentrations, c . 5%, the
minimum of the free energy correspond to Nc = 1 and
Ic = 0, i.e. all the proteins reach their native folded state
and, on average, are not in contact to each other.

By looking at the separate free energy profile as func-
tion of Nc (Fig. 4a,b,c) and Ic (Fig. 4d,e,f) (obtained
integrating the free energy profiles shown if Fig. 3 along
the axes Ic and Nc respectively), respectively indicated
with F (Nc) and F (Ic), we can identify three different
states for each protein: i) the native state FOL; ii) the
unfolded and not aggregated state UNF ; iii) the unfolded
and aggregated state AGG. The FOL state occurs when
all the proteins recover their native conformation and the
minima Fmin(Nc) and Fmin(Ic), respectively of the free
energy profiles F (Nc) and F (Ic), occur at Nc = 1 and
Ic = 0. The unfolded and not-aggregated state UNF
takes place when the protein looses part of its native
contacts leading to Fmin(Nc) for 0.8 . Nc < 1 while the
aggregated state is still less favourable being Fmin(Ic) for
Ic = 0. Similar behaviour is observed for proteins A1,
A2, D, E, and F shown in the supplementary Figs. S7-
S11. The peculiar characteristic of the UNF state is that
there are no inter-protein contacts (Ic = 0 remains by far
the lowest free energy minima Fig.4b).

In Fig. 5 we prove that, for isolated protein pairs,
the unfolding starts before the residues can interact di-
rectly. Since the proteins are not interacting directly,
and in the model, there are no long-range interactions
the logical conclusion is that the water is mediating the
interaction that stabilises the misfolded states compared
to the folded one. When we switched off the water terms
in the model the UNF state disappears, and the systems
go directly into the AGG state at even lower concentra-
tions c (see Fig. 13 in the Supplementary Information).
Hence, it is clear that the water is creating a barrier
against aggregation.

Water properties are considered key to prevent protein
aggregation in the community. However, the origin of the
aggregation barrier has, to the best of our knowledge,
never been observed before.

The UNF state holds for quite large values of c, where

protein gradually unfold by increasing c. Eventually,
at very high concentrations (c ≥ 20% for protein A0),
we observe the appearance of a clear minimum in the
free energy (Ic > 0 in Fig.3) signifying that we reached
an aggregated state AGG. The occurrence of aggre-
gates AGG comes with a loss of the native conformations
(Fmin(Nc)|Nc<0.8) consistent with previous observations
[19].

It is important to stress that the concentration thresh-
olds of the FOL → UNF and UNF → AGG transi-
tions, which we indicate with symbols c

(i)
FOL→UNF and

c
(i)
UNF→AGG with i = A0, B,C, depend on the specific

sequence (Fig. 4).
By comparing the UNF → AGG transition points for

proteins A0 and B (Fig. 4d,e), which have the same
fraction of hydrophilic amino acids on the surface and
hydrophobic amino acids into the core (Fig. 2), we ob-
serve that the protein A0 is less prone to aggregate with

respect to B, since c
(A0)
UNF→AGG > c

(B)
UNF→AGG. On the

other hand, by comparing the same transition points be-
tween proteins B and C (Fig. 4b,c), we find that both
transitions occur at similar values of c within the numer-
ical error. This effect occurs although their surface and
core composition are quite different, being the protein C
more hydrophobic on the surface and less hydrophobic
into the core with respect to the protein B. As long as
the proteins are “designed” in a water environment [34],
the propensity of proteins to aggregate is not strictly re-
lated to the hydrophobic content of their surface.

Similar FOL → UNF and UNF → AGG transitions
are observed also in the proteins A1, A2, D, E and F
(shown in the supplementary information), and in hetero-
geneous mixtures [35]. It is interesting to observe that,
although proteins A0, A1 and A2 share the same native
structure (the sequence of each protein has been obtained
with an independent design procedure), the concentra-
tion threshold for the FOL→ UNF and UNF → AGG
transitions are different in each case.

V. WATER-MEDIATED PROTEIN-PROTEIN
INTERACTION

In this section, we focus on the protein-protein interac-
tion mediated by water molecules, for binary systems. In
particular, we consider the cases A0–A0 proteins and C0–
C0 proteins (homogeneous systems). In Fig. 5 we report
the average number of native contact 〈Nc〉 [90] as func-
tion of the minimum protein distance [91]. We observe
that the value of 〈Nc〉 is constant for a wide range of pro-
tein distances, with higher or lower values (respectively
for the systems A0–A0 and C–C) reflecting the width
of the free energy minima and hence the intrinsic stabil-
ity of the native conformation. The interesting feature
in Fig. S5 occurs when 〈Nc〉 starts decreasing linearly
when the protein gets close to each other. These results
demonstrate that the proteins start to unfold before in-
teracting directly. Moreover, the transition distances cor-
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relate with the protein stability as A0 (red square points),
being overall more stable than the protein C (blue cir-
cle points), show an interaction radius smaller (∼ 3r0)
with respect the one of protein C (∼ 5r0). We hypoth-
esise that the distance under which 〈Nc〉 decreases can
be considered as the water-mediated the interaction ra-
dius of a protein. With this respect, following a recent
percolation mapping [81], we have performed a prelimi-
nary analysis of the extent of “cluster size of statistically
correlated water molecules” at the protein interface, de-
pending on the protein folded/unfolded state and on the
protein-protein distance. Such an extent is a measure of
the correlation length in water and quantifies the pertur-
bation exerted by the protein on the surrounding water.
Our data, shown in Fig. 12 the Supplementary Infor-
mation, reveal an increase of the cluster size of statisti-
cally correlated water molecules when two proteins un-
fold upon approaching each other. It is also important to
notice that the transition distances are close to the dis-
tance between proteins at the FOL → UNF transition
concentrations. Finally, the transition distances corre-
late with the protein stability as A0 (red square points),
being overall more stable than the protein C (blue circle
points), show an interaction radius smaller (∼ 3r0) with
respect the one of protein C (∼ 5r0).

VI. CONCLUSIONS

We have presented a computational study on the com-
petition between folding and aggregation of proteins in
homogeneous solutions. Employing an efficient coarse-
grain model, we have designed a series of proteins ac-
cording to the water environment at ambient condition.
Then, we have tested the capability of each designed pro-
tein to fold alone, and in the presence of multiple copies
(i.e. changing the protein concentration). The main con-
clusion of this work is that proteins tend to fold uninflu-
enced by the presence of other proteins in the solution
provided that their concentration is below their specific
unfolding concentration cFOL→UNF . Our simulations
predict an unexpected and not previously observed role
of the water in the inducing the unfolded regime UNF
that is a precursor of the fully aggregated state AGG.
We believe that such prediction should be testable first
in more detailed protein models and supports the need
for new intriguing experiments.

The results presented here have a profound implication
on the physiology of the cell where protein aggregation is
a fundamental parameter for expression regulation [13].

Using the results obtained in this work, we have shown
that indeed that proteins can be optimised to fold and
regulated independently of the other proteins [34]. In
other words, provided that each protein does not pass
their aggregation threshold concentration (counting only
that particular species and not the total protein concen-
tration), cross interactions do not affect the folding and
the aggregation. Such a simplification of the regulatory
process would not have been possible without the barrier
that water creates against aggregation. Here, we showed
a possible origin for such a barrier that makes water key
for life on our planet.

Another important implication of our combined stud-
ies (present and in ref [34]) is that water is mediating a
long-range interaction that depends on the protein se-
quence. The unfolding occurs only when the concen-
tration of one protein species crosses over the aggrega-
tion threshold (see Fig. 2 in ref [34]) while it is rather
unaffected by the interactions with different sequences.
Hence, we conclude that water is mediating a long-range
molecular recognition process.

Correlated to our study, there is an extensive litera-
ture about the role of cellular crowding on aggregation
and folding. A sample of pioneering works in the field
are [92–96]. The central message of these studies is that
the role of the steric crowding does not significantly af-
fect the folding. However, when globular proteins replace
crowding agents, the behaviour of the system becomes
difficult to explain because of the influence of protein-
protein. Our results offer a qualitative description of such
an impact, separating the role of water, protein and steric
interactions at different concentrations.
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Protein A0

Protein B

Protein C

FIG. 3. Color map of the free energy profile F (Nc, Ic) of the
protein A0, B and C, as function of the native contacts and
inter-protein contacts, for different protein concentration c.
We computed F (Nc, Ic) = −kBT lnP (Nc, Ic), where Nc are
the numbers of contacts in common with the native structure,
and Ic are the inter-protein contacts. Native contacts Nc have
been normalised by total number of native contacts (i.e. 1 is
fully folded) and inter-protein contacts have been normalized
by the total number of monomers ln, where n is the number
of proteins simulated and l is the length (number of amino
acids) of a single protein. In the shown cases, the size of
the simulation box have been chosen such that c = n, i.e. a
single protein occupies a volume corresponding to the 1% of
the available volume.
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FIG. 4. Free energy profile of the protein A0, B and C as function of Nc (upper panels) and Ic (lower panels) for different
concentrations. All the free energy curves are in kBT units and have been shifted such that the minimum coincides with 0. The
Nc axes has been normalized dividing the number of native contacts for its maximum possible value (corresponding to all the
proteins in their native conformation). The axes Ic has been normalized dividing the number of inter-protein contacts for the

total number of amino acids. We find that, for the protein B (C), the FOL→ UNF transition occurs at c
(B)
FOL→UNF ∼ 8± 1%

(c
(C)
FOL→UNF ∼ 4± 1%) and the UNF → AGG transition occurs at c

(B)
UNF→AGG ∼ 16.5± 1.5% (c

(C)
UNF→AGG ∼ 18± 2%).
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FIG. 5. Average number of native contacts 〈Nc〉 for the bi-
nary solutions with i) two proteins A0 (red squares); ii) two
proteins C (blue circles). Data are plotted as a function of
the minimum distance between the two proteins dpp. We con-
sidered the minimum inter-protein distance between each pair
of residues. In this sense, any distance larger than one im-
plies that the closest residues (i.e. the whole proteins) are not
interacting directly but necessarily through the water. Lines
are guides for the eye showing the increasing trend of 〈Nc〉 at
smaller values of dpp, and the constant value of 〈Nc〉 at larger
dpp. The intersection between the lines identifies the interac-
tion radius of the proteins. The protein unfolds at a distance
2.5 for A and 5 for C both close to the average protein-proteins
distances at the FOL→ UNF transition concentrations
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Supplementary Information

Protein Sequences

The sequences in FASTA encoding of the proteins are the
following.

• ProteinA0: NRMDCV ACKWDNPKMECTICKWEQGKMEHLSYKFEF ;

• ProteinA1: NDDGCSACFKKNQEEMCIV CWKKPREEMHLTYWRKQ;

• ProteinA2: PDYMDSIKWHKQTECMELVKWCKGNECMELARFCRN ;

• ProteinB: PRDCMTMHQKSNERCWCKEY IKECDKNGEKELIKFV ;

• Protein C: PKLKCWEQMRMCKWDAMDRY SV HECFEIENTKFCIG;

• ProteinD: LMKEREWV SMKDRY FDKGKCTPCEKCQHWNAMCEWI;

• Protein E: DMWALMCV FCEKEHWKDRY TQREPEINKENDCSGCK;

• Protein F : PY GKHQV CEECLICKMCAQCWFWEKKEGLKEEKMFNWEKRDISRTDRMN .
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FIG. 7. a) Free energy profile of the protein A1 as function of the native contacts. b) Free energy profile of the protein A1 as
function of the contacts between different molecules.
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FIG. 8. a) Free energy profile of the protein A2 as function of the native contacts. b) Free energy profile of the protein A2 as
function of the contacts between different molecules.
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FIG. 9. a) Free energy profile of the protein D as function of the native contacts. b) Free energy profile of the protein D as
function of the contacts between different molecules.
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FIG. 10. a) Free energy profile of the protein E as function of the native contacts. b) Free energy profile of the protein E as
function of the contacts between different molecules.
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FIG. 11. a) Free energy profile of the protein F as function of the native contacts. b) Free energy profile of the protein F as
function of the contacts between different molecules.
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FIG. 12. Negative logarithm of the probability distribution of the clusters of statistically correlated water molecules in contact
with two proteins, as function of the minimum protein distance and the number of water molecules belonging to the cluster.
Following a percolation mapping shown in Ref. [81, 97, 98], two neighbour bonding variables σij and σji, such that σij = σji,
belong to the same cluster with probability p ≡ 1− exp(−J /kBT ), where J is the specific interaction between σij and σji.
In other words, a cluster represents a contiguous region of statistically correlated degrees of freedom of water, and its size is
related to the statistical correlation length. On average, we assume that an entire water molecules belong to a cluster any four
bonding indices (since any water molecules is described by four bonding indices). (a) Clusters’ distribution between proteins
A0 folded. (b) Clusters between proteins A0 unfolded. (c) Clusters between proteins C folded. (d) Clusters between proteins
C unfolded. The proteins at distance 2.5 for A0 and 5 for C have clusters and that is the distance at which they unfold. Lines
are guides for the eyes showing the region with higher probability.
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FIG. 13. Free energy profiles F (Nc) (a) and F (Ic) (b), function respectively of Nc and Ic for the proteins A3. We designed the
sequence of protein A3 switching off all the water-water interaction terms in the hydration shell. Protein A3 is not surprisingly
less stable than the sequence designed with explicit water [34]. The data show the disappearance of the UNF state and the
direct transition to the AGG state. Moreover, the FOL → AGG transition takes place at much lower concentrations with
respect to the case where the hydration water is explicitly accounted for (in the present case as low as 2%). Hence, the
hydration water acts as a barrier against the aggregation. We did not perform this analysis directly with A0 (or the other
proteins designed in explicit solvent) because those sequences have been optimised in the full explicit water model and the
aggregation would not have proven the role of the water.
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