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ABSTRACT: Aggregation is a pervasive phenomenon affecting both disordered
and folded proteins, modulated by the balance between hydrophobic attraction
and electrostatics, and generally explored by means of molecular dynamics
simulations, often performed with low-resolution models. On the other hand, the
AT based structure prediction AlphaFold software, extremely accurate for single
chains, has been recently provided with the capability of predicting the structure
of protein complexes. In this work, we compare coarse-grained molecular
dynamics simulations to assess the relative performance of different force fields
and those of AlphaFold3 (AF3) in predicting the aggregation of four variants of
intrinsically fluorescent proteins. Our results are useful for guiding the choice or
design of new potentials for systems containing both disordered and folded
proteins and outline a possible scheme to integrate AlphaFold with molecular

dynamics simulations.

B INTRODUCTION

The aggregation of proteins is a pervasive phenomenon, crucial
in fundamental biological processes' and a cause of a large
number of degenerative diseases.” Besides, it is exploited in the
design of molecular sensors, often combining nanoparticles”
with signaling biomolecules, e.g., intrinsically fluorescent
proteins (IFPs).”® In fact, aggregation affects not only
disordered or unstructured proteins, such as typical amyloido-
genic agents, but also well-structured proteins like IFPs.
Although their interactions are generally driven by hydrophobic
forces, when they are charged or strongly polar, their interaction
is modulated by competition with electrostatics,” and their
phase diagram can be enriched with new features characterized
by the coexistence of diluted domains with solute aggregates or
percolates, depending on the concentration and ionic
strength.”” The experimental characterization of aggregates is
complex and therefore often supported by computer model-
ing."” While atomistic classical molecular dynamics (MD) can
accurately describe aggregation interfaces,” the exploration of
the phase diagram requires lower-resolution representations, i.e.,
coarse-grained (CG) models.”'" Several CG models with
different resolutions have been used to study protein
aggregation. For instance, OPEP'> combines atomistic back-
bones with single-bead side chains and was used to study
amyloid-f3 aggregation within the E. coli cytoplasm.'*'* Martini-
3" uses up to five side-chain beads plus one for the backbone,
capturing the conformations of a-synuclein,'® while SIRAH—a
multibead model tailored for disordered proteins—was used to
study its aggregation.'®

In this work, we aim to keep the complexity at a minimum and
use "minimalist” single-bead-per-amino-acid models,'"” which
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are particularly inexpensive but still account for the molecule
flexibility,'""” often triggering aggregation, and residue-level
intermolecular interactions responsible for interface formation
and structure.”® Inter-residue potentials, therefore, assume a
crucial role and must account for both short-range and
electrostatic contributions, which are parameterized in different
ways. For instance, Dignon et al?*' use a Lennard—Jones (L])
plus Debye—Hiickel (DH) representation, with the former
parameterized based on hydrophobicity. Lindorff-Larsen et al.”*
improved this approach by including more hydrophobicity
scales and statistically extensive data-driven analyses, further
optimizing against SAXS and NMR data of intrinsically
disordered proteins (IDPs).*” Finally, COCOMO, developed
by Valdes et al,”* more specifically targets the experimental
protein saturation concentration, with good performance in
describing phase separation.

Although intended to be general, these FFs have mainly been
tested on IDPs, where aggregation is influenced by intra-
molecular dynamics. Conversely, in this work, we focus on an
almost opposite situation, that is, the aggregation of IFPs,”* with
a rather rigid f-barrel fold, widely used in engineered molecular
sensors.’ Indeed, many IFPs show a spontaneous aggregation
tendency in solution and are crystallized as multimers”°
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FP583 SSKNVIKEFMRFKVRMEGTVNGHEFE I EGEGEGRPYEGHNTVKLKVTKGGPLPFAWDILSPQFQYGSKVYVKHPAD
IPDYKKLSFPEGFKWERVMNFEDGGVVTVTOQDSSLODGCFIYKVKFIGVNFPSDGPVMQKKTMGWEASTERLYPRD
1GGX GVLKGE IHKALKLKDGGHYLVEFKS | YMAKKPVQLPGYYYVDSKLDITSHNEDPYTIVEQYERTEGRHHLFLTAAGI
SKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDH
sfGFP
MKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYIT
ADKQKNGI KANFKIRHNIEDGSVQLADHYQONTP IGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGI
/' - SKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTFSYGVQCFSRYPDH
WtGFP ‘
- MKRHDFFKSAMPEGYVQERT I FFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIM
1GFL =
ADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTP IGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGI
SCGFP % Wt sf FP SKGEELFDGVVPILVELDGDVNGHEFSVRGEGEGDATEGELTLKFICTTGELPVPWPTLVTTLTYGVQCFSDYPDH
sc 89 93 43 MDQHDFFKSAMPEGYVQERT I SFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHDVYIT
wt 96 43
(a) Sf 42 ADKQENGIKAEFEIRHNVEDGSVQLADHYQQNTP IGDGPVLLPDDHYLSTESALSKDPNEDRDHMVLLEFVTAAGI
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Figure 1. (a) IFP variants with sequences and crystallographic structures, when available (pdb code reported). The superfolder (sfGFP) is the F64L/
S65T/F99S/M153T/V163A/S30R/Y39N/N105T/Y145F/1171 V/A206 V mutant of wtGFP, while the supercharged (scGFP) is the T9D/K26E/
Y39E/K41E/KS2E/F64L/S6ST/R73D/K79D/N149D/K158E/N164E/K166E/N198D/Q204E/K214D mutant of the wtGFP (pdb structure not
available). A table of the sequence identities of the variants is reported as inset. The chromophore residues are highlighted in green, the interface
residues in orange or purple. (b) Asymmetric crystallographic units of the variants, alligned to the chain A, are colored as the sequences in (a). (c)
Aligned chains A only (also aligned to the reference 1IEMG®” in cyan): all folds are very similar, with RMSD (Root Mean Squared Deviation) of

coordinates between wtGFP and sfGFP ~0.3 A and that of FP583 ~7 A. (d)
different interfaces of the tetramers (primary in orange, secondary in purple;

Contact maps of different chains. Orange and purple represent the two
involved amino acids are colored accordingly in the sequences in (a)).

revealing multiple potential interfaces. Because aggregation
reduces the performance of molecular sensors, great effort is
dedicated to engineering non-aggregating IFPs, generally by
mutating solvent-exposed residues to like-charged amino
acids.””** “Super-charging” has been shown to alter intermo-
lecular interactions, improve solubility, and confer resistance to
aggregation without significantly compromising the native fold
and function. One motivation of this work is to study the
aggregation of different variants of IFPs and their sequence
dependence. This allows one to investigate the fundamental
balance between hydrophobic and electrostatic interactions,
structural rigidity, and environmental factors such as ionic
strength.

Due to the fold rigidity, in IFPs aggregation is mainly driven
by the inter-residue potential terms. Consequently, the
simulation of aggregation and interface structures of different
FP variants is also an ideal case to assess the performance of the
different FFs. In particular, we study the wtGFP,* the red
variant FP583,’" the superfolder sfGFP™ with a larger
aggregation tendency, and the supercharged variant
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(scGEP).”® On these variants, we perform extensive simulations
with the mentioned FFs, and with the additional one by Trovato
et al,, parametrized for folded proteins using a data set of IFPs
and proteins with similar fold.”> We characterize the
aggregation, the structure and size of aggregates and oligomers,
and compare them with experimentally known interfaces.”'
The third aim of this work is the comparison of CG-MD
simulation results with the predictions of the Al-based algorithm
AlphaFold.**** The integration of machine learning algorithms
has recently become customary within many aspects of
molecular modeling,** especially the prediction of structures.”
The current version Alphafold 3°° (AF3), includes the capability
of identifying aggregate-prone regions and returning macro-
molecular complexes. Its performance on interface prediction,
however, is still less assessed. Even for this aspect, the study of
IFP aggregation is a convenient performance indicator: AF
predicts the single IFP fold with extremely high accuracy, which
allows us to focus on its reproduction of the interfaces and
comparison with the MD-CG simulations. Besides directly
comparing the aggregates structure output from AF3 to those

https://doi.org/10.1021/acsomega.5c06850
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Figure 2. (a) Coarse-graining scheme and illustration of the potential terms of the model. The beads placed on the C,s interact with angular (6) and
dihedral (¢) terms along the chain, and with intramolecular local interactions (represented as the network in orange); electrostatic and hydrophobic
interactions act between beads of different molecules. (b) Matrix illustration of the parameters of the w,, and u, terms of the FFs COCOMO,”
CALVADOS,* and Trovato.”® Each of the parameters of the potentials (&, @, 7, and A) is a 20 X 20 symmetric matrix, whose elements are represented
with color coding according to the scale reported alongside. (For COCOMO, ¢ is also reported in the lower triangle on a reduced scale to highlight

variations.)

from MD, we also analyze the pair contact probability output by
AF3 and compare it with that from simulations with the different

FFs.

This work is organized into a methodological section, already
including several elements of novelty, and a results section,

followed by conclusions and perspectives.

54343

M SYSTEMS AND METHODS

In this section, we describe the proteins that are the subject of
this study, the building of their models, the simulation and
modeling methods, and the analysis methods.

IFP Reference Structures. The variants of the IFPs that we
consider in this work are listed in Figure 1. In panel (a), the
aligned sequences are reported with the representation of the

https://doi.org/10.1021/acsomega.5c06850
ACS Omega 2025, 10, 54341-54356
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crystallographic structures on the left (different monomers in
different colors). Although the crystallographic form may not
reflect the oligomer structure in solution, it is often considered
an indicator of aggregation tendency and preferred interfaces. In
panel (b), all the crystallographic structures are represented with
the first monomer superimposed to compare the interfaces (in
this case, all the monomers of a single variant multimer are in the
same color, corresponding to the one of the sequences in panel
(a)). While the wtGEP (green) is crystallized as a dimer with a
unique, well-defined interface (represented in the corresponding
contact map of panel (d) in orange), the superfolder sfGFP
(orange in panel (b))*® appears as a tetramer, with one interface
which is the same as that of wtGFP, but dysplaying a second
interface (in purple in the map in panel (d)). Interestingly, the
red variant FP583 (red in panel (b)) also appear as a tetramer
(and oligomer in solution) ,°° but with different interfaces
(interface residues are highlighted in the sequences in panel
(a)). This is coherent with the lower sequence identity of FP583
compared to the others (see the table reported as inset in panel
(a)), which are all mutants of wtGFP. In particular, sfGFP was
engineered to stabilize the fold,* but aggregation in oligomers
was observed in solution at the concentration of ~2 mg/mL.*
On the other hand, the scGFP mutations of neutral to charged
residues lead to a total net charge of —30e.””

The reported contact maps use a "fuzzy” definition of a pair

contact matrix p°f = w(dij)/zk’1 w(d,,), based on a distance-

j
dependent weight function w(d) which assigns high weight
within an internal cutoff radius and decreases to 0 at a second
cutoff radius (set at 8.2 A and 18.1 A, respectively; see also
Section S4 for more details). The definition is such that p® is
normalized to 1.

Coarse-Grained Model and Force Fields. We use a
minimalist model'”*” with the protein represented as an
unbranched chain of beads placed on the C, connected by
rigid rods, and the backbone conformation defined by the angles
0, and the dihedrals ¢; (see Figure 2a). We decompose the
interaction energy as U = U+ Ujyy Where the intramolecular
contribution Uy, = Uy + Uy + Uy includes, besides the
conformational terms, a network of local interactions (in orange
in Figure 2a) describing, e.g., hydrogen bonding and steric
hindrance. These terms incorporate a partial bias toward the
reference structure by setting their equilibrium values (bond
angles, dihedrals, and local interaction distances) to match those
of the reference conformation, as detailed in Section S1.'7*"*

More crucial to this work is Uy, which we decompose into
hydrophobic and screened electrostatics, taking the form of
Morse and Debye—Hiickel (DH), respectively

Unter = Z “hy(”lj) + ”el(”l])
I>]

—kr

= z 51][(9_11(7_710’) -1 - 1]+ AUe—
I>] 4 (1)
(I, ] runs over all of the pairs not already accounted for in
Upnea)- The parameters of u,, are the inverse screening length
k=1/A= \/4ﬂe2(n+ + n_)/e kT related to the ionic
strength, and Ay = QIQ]ekR"; /(1 + kRI(}) ~ QIQ] /e, re-
lated to the effective charges and bead radii R’ = r°/2.” The well

depth ¢, the inverse range «, and the interbead distance r,
describe the hydrophobic interaction. The four intrinsic

parameters &, a, 1y, and A depend on the pair I-], ie., each
corresponds to a 20 X 20 symmetric matrix.

In order to compare the different FFs, we preliminarily
mapped their different functional forms onto eq 1, as detailed in
section S1. Briefly, except for an additional term accounting for
electrostics of polar residues, the case of COCOMO is
straightforward since it uses DH for electrostatics and 10—5
LJ for short-range interactions, which is mappable into Morse via
aproper a definition. Similarly, CALVADOS” uses DH and 12—
6 LJ tuned by a switching function, taken into account in the
mapping. Trovato et al. merge electrostatics and hydrophobicity
into a single functional form. Therefore, the DH term was first
subtracted, and the residual part was used to fit the
hydrophobicity parameters.

The result of this procedure is summarized in Figure 2b,
reporting the parameter matrices for each FF. In CALVADOS
and Trovato, the A matrix is null except for pairs of charged
amino acids (AAs), while COCOMO has small contributions
also for the polar AAs. The parameters of w,, display larger
differences: while the parameters € in Trovato and CALVADOS
are in a similar range (0—0.3 kcal/mol), COCOMO ¢ is
flattened around the value 0.1 kcal/mol. In Trovato, both r, and
the range are larger on average, as an effect of the fit of a complex
potential onto the Morse form.

The aggregation tendency depends on the strength and range
of both u,, and u,. We therefore defined a parameter
h o (e/ary — Ae“ /krd), roughly describing the aggregation
enthalpy per pair (more details on the definition are reported in
the Supporting Information S1). The average value of 4 in units
of kzT is 0.3, 0.6, and 1.1 for CALVADOS, COCOMO, and
Trovato, respectively, which provides a preliminary indication of
the order of aggregation tendency of the three FFs, although
with rather different distributions and variances (see Figure S3),
confirming that the three FFs treat the interactions in rather
different ways.

Simulation Setup and Diffusivity Calculation. We
performed simulations of lengths ranging from 80 ns to 2 us,
combining the four protein variants with the three FFs, at two
different ionic concentrations of ~10 mM and ~100 mM (k
~0.04 A" and k ~0.1 A™"), each case with two different starting
random configurations (seeds), at both high and low protein
concentrations, for a total of ~22 ys of trajectories (list reported
in Supporting Information S2). The SO nm-side cubic box,
including 200 copies of the IFPs, corresponds to a packing
fraction ¢ ~ 0.03 and concentration ~70 mg/mL (see
Supporting Information S3), which is larger than those typically
achieved in solution but closer to that achieved in the cytoplasm,
chosen to lie within the disperse-aggregate coexistence
region.”** The low concentration case is obtained with a single
protein in the cell. The NVT conditions (T = 300 K) were
maintained using the Langevin thermostat with the time step set
at 10 fs and y = 12 ps!, optimized to reproduce the
experimental GFP diffusion coefficient in dilute solution™® (D
~ 87 u m’/s*). The simulations were performed with
LAMMPS,* using in-house coded tools to implement the
different FFs*® (details in Supporting Information $2).

The center of mass mean squared displacement MSD(t) =
((tem(t + ty) — 1em(to))?) was calculated by averaging over t,, the
seeds, and all the proteins. The translational diffusion coefficient
was then evaluated using the relation MSD(t) = 6Dt. We
corrected D for the systematic underestimation due to periodic
boundary conditions using the empirical formula D = Dg;,./(1-

https://doi.org/10.1021/acsomega.5c06850
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ER/L),"” where L is the box size and £ = 2.837 is a constant
depending on the box shape. Furthermore, the viscosity # is
related to D by D = kT/67R#y, and both depend on the
concentration ¢ of proteins. A commonly used empirical formula
to account for this effect is”'

n _D CXHK
L= e X fopy @)

with 77 and D, evaluated at very low ¢, yp is the volume per mass
of a single protein, and f¢ a crowding parameter representing
the maximum packing fraction, also accounting forshape; c = 1/
Hpfc is the maximum concentration corresponding to closely
packed proteins. These parameters were also experimentally
evaluated for the sfGFP by fitting viscosity data, resulting in fc
~0.5 and Hp ~S.5 mL/g.31

Clusters and Interfaces Analysis. The cluster analysis on
simulations trajectories is carried out using OVITO™ on the
equilibrated portion of the trajectories. For each given snapshot
of the trajectory, two IFPs are assigned to the same cluster if at
least on pair of C, belonging to different IFPs are "in contact”
i.e., nearer than r,, (set at 8.2 A)3.

To characterize the interfaces, we define the contact
probability matrix

R
T () 3)

with Nj; the number of contacts between residues in positions i
and j along the chains of two different proteins (averaged over all
pairs of proteins in a snapshot and over the trajectory). p°
monitors the bare frequencies of formation of contacts between
pairs of proteins, including all contacts, i.e, not only those
necessarily forming due to the contact propensity of i and j but
also those formed indirectly due to the effect of nearby contacts.
An alternative definition is

i (TN ZN)
7 < ( Zk,l l\rkl)2 > (4)

monitoring the number of contacts of residue i with any residue
of the other protein, i.e., its propensity to be at the interface,
multiplied by the same quantity evaluated for j in the second
protein (and averaged over any pair of proteins and throughout
the trajectory). This is a measure of the joint probability of
residues i and j both being at the interface, which includes
specific i—j contacts and returns the reduced values over
incidental indirect contacts. An example of a comparison
between p° and p? is reported in Figure 3: apart from the
background effect due to the fact that in the simulations all
possible contacts are explored, the p® evaluation appears more
regular and more easily comparable with the experimental
interfaces reported in Figure 2. The calculations are performed
using dedicated in-house coded Python scripts.*®

Alphafold Setup and Output Analysis. We used AF3
through its web interface.*” We generated m-mers with m up to
20, to compare with the cluster structures of homologous sizes
from MD. Additionally, AF3 returns, among its accessory
outputs, the contact probability matrix pJ", with a similar

meaning to those defined in the previous section, except that it
has the global dimension (m X n,) X (m X n,,), ie, it is
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Figure 3. p® and p? are evaluated for the simulation of the protein
wtGFP with the CALVADOS FF.

composed of m X m blocks of dimension ., X 1., (an example
for m = S is shown in Figure 4a).

While the m blocks on the diagonal (shaded in blue) are the
intramolecular contact probabilities, returning information on
the secondary and tertiary structure of the single IFP, the m X (m
— 1) out-of-diagonal blocks describe the intermolecular contact
probabilities. The near-diagonal blocks (in green) generally give
more weight to the primary interface, while other possible
interfaces and contacts are explored in the others. We therefore
averaged (and renormalized) all the out-of-diagonal blocks

D '
o = k1=1,m Pt k(m—1),j+1(m—1)
i e YV m
% Zk,l=1,m1"f+k(m—1),j+1(m—1) (5)

obtaining a f1,e X e, matrix pi;qF (reported in panel (b)). This

procedure summarizes all of the possible protein—protein
interfaces explored by AF3 in multimers into a single two-
protein contact probability matrix (further details in Section S4).
The comparison between p*f and p from simulations is
quantified using two indices. The Pearson correlation index

6T -G - )
N R RO e 28 (©)

(with p; (and p,,) the element i,j (and their average) from AF
(p*F) or from the simulation (p = p? or p = p’) indicates the
relative compatibility of the two matrices. The Jaccard index is

_1PY Pl

J= IPAF U pl (7)
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Figure 4. Panel (a): the pl;" from AF3 for the pentamer of scGFP (shaded colors as in the previous figure), with diagonal and off-diagonal blocks in

different shades. (b) Result of the off diagonal averaging procedure described in the text.

where PA¥ and P represent the sets of matrix elements that
exceed a given interaction threshold, and Il is the size of the set.
Higher values of ] indicate a greater overlap between high-valued
regions of the matrices, which identify interfaces. ]| ranges
between 0 and 1 and can be used to analyze the interfaces. While
r can give some excessive weight to similarities in the out-of-
interface regions, ] gives more importance to interfaces and
patterns of contacts. The same indexes are used to compare p

with the normalized crystallographic contact matrix p*¥.
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B RESULTS AND DISCUSSION

We report, in the following, the results of simulations and
analyses, with additional data reported in Supporting
Information.

The Different FFs Return Different Viscosities. Figure 5
reports the MSD (mean squared deviation) and diffusion
coefficients D from the simulation trajectories (energies and
other details are reported in Supporting Information SS). Ds
(PBC-corrected) and the corresponding viscosities, #, are also
reported in Table 1 (uncorrected values are in Figure S6).
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Figure 5. (a) MSD from simulations with the different FP variants and
FFs as per the legend in the plots. The upper part reports the
simulations at null ionic strength for all the variants, while the lower part
reports the simulations at 100 mM of ion concentration only for wtGFP
and scGFP. The black line represents the MSD from simulations at low
protein concentration, evaluated by averaging over simulations with
different variants and FFs. (b) The (PBC-corrected) diffusion
coefficients for the different FFs, FP variants, and ionic strength.

low ionic strength (dotted lines = 0 mM, solid lines = 100 mM) for the
scGFP and wtGFP. (c) Correlation plot of number of contacts vs
viscosity.

The D at low concentration is reported as a black line in panel
(a). We obtain an average value of the corresponding viscosity 7,
~0.0011 Pa-s for GFP variants and 77, ~0.0012 Pa-s for FP583, in
good agreement with the experimental value in dilute solution.
Interestingly, we observe a small but significant difference in the
diffusive behavior of FP583 with respect to GFP mutants, which
we attribute to its different mass and especially mass

Table 1. Diffusion Coefficients (Corrected by the PBC Effect) and Viscosities. The Values of 77, Used to Calculate the Ratios /1],
are Extracted from the Single FPs Simulations (First Three Rows).”

D (um?/s) 7 (107 Pa - s)

CA CO T CA coO

Single scGFP 95.42 9191 94.33 1.06 1.11
Single wtGFP 95.40 94.66 94.33 1.07 1.07
Single FP583 89.85 88.68 90.42 1.13 1.15
scGFP 83.16 55.64 43.73 1.22 1.83
wtGFP 82.41 49.99 41.27 1.23 2.03
sfGFP 82.52 53.22 39.72 1.23 191
FPS83 82.86 49.80 42.26 1.23 2.04
sc 100 mM 80.25 48.06 40.87 1.27 2.12
wt 100 mM 81.23 46.27 40.59 1.25 2.20

“For FP583 we considered the average value over the three FFs r]OFP583

n/mo n. contacts
T CA CO T CA CO T

1.08

1.08

1.12

2.33 1.13 1.69 2.16 0.141 0.945 1.955
2.46 1.14 1.88 228 0213 1.240 1.996
2.56 1.14 1.77 2.37 0.226 1.075 2.037
241 1.07 1.77 2.10 0.272 1.168 2.155
2.49 1.18 1.96 2.31 0.191 1.391 2.027
2.51 1.16 2.03 2.32 0.219 1.407 1.974

= 1.15 X 107>Pa S, while for the GFP mutants we also averaged on variants,

getting nOGFP = 1.08 X 10 Pa S. The experimental value is 7o~1.2 X 107> Pa:s. CO = COCOMO, CA = CALVADOS, and T = Trovato
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Figure 7. Cluster size statistics. (a) Histograms of the cluster size evaluated on the equilibrated part of the trajectories, for all the variants and ionic
strengths, for the three FFs, as per legends. In the inset, the qualitative location of the simulations in the aggregation phase diagram. (b) The first,
second, and third moments of the distributions of the different FFs and variants, with the same color coding as (a) (In the bottom part, the
CALVADOS data are zoomed in. More details are in the SI Supporting Information S3).

distribution, producing a different relation between translational
and rotational dynamics (details provided in Section S3).

The diffusivity in simulations at high protein concentration is
clearly reduced in all cases (compare colored lines in panel (a) of
Figure S with the black line). However, the different FFs return
substantially different diffusivity. The upper part of panel (a)
reports the comparison between CALVADOS (solid lines),
COCOMO (dashed lines), and Trovato FF (dotted lines),
which display decreasing diffusivity in the mentioned order (see
also panel (b), where Ds are reported in synthetic form). Since
lower diffusivity usually depends on the formation of larger
aggregates, this indirectly confirms the order of aggregation
Trovato > COCOMO > CALVADOS implied by the values of
the parameter h measuring the relative attraction strength
evaluated in the previous sections.

Using the relation (2) with the experimental values of the
parameters 4, and fc one gets 17/n, ~ 1.6 for our working
concentration (see Figure S8). The average values 7/#, for the
three FFs are ~1.14, ~1.8, and ~ 2.3 for CALVADOS,
COCOMO, and Trovato, respectively, indicating that COCO-
MO is the one better reproducing the experimental dependence
of viscosity on the protein concentration. When looking at the
differences among the IFP variants, however, the relative
diffusivity differences are not very large. The scGFP is
consistently the most diffusive across all FFs, but the other
variants display very similar D. A deeper inspection reveals that

CALVADOS, although with very small differences, returns the
correct order of aggregation at null strength (scFP < wtGFP <
sfGFP < FP583), while COCOMO inverts wtGFP and sfGFP,
and Trovato inverts sfGFP and FP583.

Concerning the dependence on the ionic strength, evaluated
only on the variants with larger net charge (scGFP and wtGFP),
all the FFs generally reproduce the expected decrease of
diffusivity as the ionic strength increase.” To this respect, the
COCOMO FF results in the larger effect, as expected, since in
this FF the electrostatic component plays a main role with
respect to the hydrophobic one.

Diffusivity Correlates with Contact Formation Dy-
namics. The monitoring of protein—protein contact formation
reported in Figure 6 reflects the viscosity behavior: panel (a)
clearly shows that Trovato FF induces, on average, faster contact
formation, reaching a value of ~2.0 contacts per protein,
followed by COCOMO, with ~1.1.

Conversely, the CALVADOS FF shows a rather constant and
low number of contacts (~0.2). This indicates that, for this FF,
the thermodynamic conditions are near the boundary of the
condensate-disperse transition. Panel (b) confirms that
increasing ionic strength is to increase the number of contact
per protein and accelerate the dynamics of their formation, and
this is particularly evident in COCOMO FFs, where the effects
of electrostatics are amplified, and in scGFP, as expected due to
its larger net charge.
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Figure 8. Contact probability matrices p? evaluated for the four IFPs with AF3 (average over 10-mers) and in the simulations with the three FFs, as
indicated (at 0 mM ionic strenght). The color range is from white (0) to yellow to red (0.0018). To facilitate the comparison with AF3, a cutoff on the
low values of probability was subtracted from the matrices obtained from the simulations. The original versions with background are reported in SI,

section S4.

As shown in panel (c), the correlation between the average
number of contacts per monomer and the viscosity is direct and
quantitative: as the average number of protein contacts
increases, their motion is hindered and the diffusivity decreases.
Overall, the average number of contacts per protein indicates the
usual order of aggregation for the four variants, namely scGFP <
wtGFP < sfGFP < FPS583, and, in contrast to viscosity, it is the
same for all FFs, making this indicator more reliable than the

former for evaluating aggregation.

The Cluster Size Distribution Identifies the Location in
the Phase Coexistence Diagram. Overall, our analyses
indicate that, at given T and ¢, the three FFs locate in different
points of the phase diagram. In particular, CALVADOS appears
to be near the aggregate-dispersed transition. We further explore
this aspect by analyzing the cluster size distribution, as reported
in Figure 7. Panel (a) shows a 3D view of the distribution of the
different FFs and variants/ionic strengths (as per the legend),
with the first moments of the distributions reported in panel (b).
Data are coherent with the previous analyses of diffusion and
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Figure 9. Graphical representation of the Pearson coefficient r (a) and
Jaccard index J (b) in the vertical axes, for the four variants and three
FFs (reported on the front axes and depth axes respectively) (CA =
CALVADOS, CO = COCOMO, T = Trovato). The comparison of
contact matrices from simulations with experiment or AF (average and
obtained from dimers) is encoded into colors as per legend.

contacts formation: the distribution of cluster size is increasingly
spread toward large sizes in the order CALVADOS <
COCOMO < Trovato, and all of its first three moments follow
the same order, confirming the already observed aggregation
tendency of the three FFs.

Concerning the relative aggregation tendency of the variants,
as shown in panel (b), CALVADOS displays a clear ordering of
the average cluster size, indicating the scGFP as the least
aggregating and FP583 as the most, with wtGFP and sfGFP
having similar intermediate values. The order is maintained
overall in COCOMO, which also displays the expected
enhanced effect of ionic strength in increasing the cluster size,
while Trovato inverts the order of stGFP and FP583.

The size of clusters in CALVADOS near to 1 in all cases is
coherent with the fact that the average number of contacts
basically does not increase from the starting randomly generated
structure (see Figure 6), indicating that the systems simulated

with this FF are very near to the disperse state. Considering the
meaning of /i, we can use the ¢,k,T/h phase diagram in place of
the usual ¢,k,T/€, and locate the different FFs and variants
according to their value of % in the bell-shaped coexistence
region (see, e.g. ref 8). This is shown in the inset of panel (a) of
Figure 7, which reports the location of CALVADOS-simulated
systems just below the aggregate—disperse transition line, while
the others are located below, with Trovato rather near the
clusters-percolate separation line® (more details in Supporting
Information S3).

The Contact Probability Matrices Identify the Pro-
tein—Protein Interfaces. Figure 8 reports the contact
probability matrices p? from simulations of different variants
and with different FFs, compared to the pAF from AF3.

The first difference between AF and the simulations is the
already observed low but non-null probability for any i, j pair
(appearing as a yellow background in Figure 3) due to the
statistical interface sampling during dynamics. This is subtracted
in Figure 8 to make the comparison easier (original versions are
in Figure S10). This is absent in p*F, since it results from learning
over experimental structures where only the stable interfaces are
revealed. Even with the background subtracted, the contact
probability maps from simulations appear more diffuse
compared to the more localized and sharply defined contacts
predicted by AF. Nevertheless, both AF and all the FFs are able
to identify the primary and secondary interfaces, where
probability is higher. For GFP mutants, the primary is roughly
located between positions 130 and 220, and the secondary one is
located around position 60 (and their crossings), in agreement
with the crystallographic interfaces reported in Figure 1. A
similar agreement is found for the two interfaces of the FP583.

The analysis of Pearson’s and Jaccard indexes allows the
quantification of the agreement. The Pearson’s coefficient r is
reported in Figure 9a for the different variants and different FFs,
and compared to experimental and AF matrices as per the legend
reported in the figure. In general, the values of the coefficient are
rather low, due to the already noted presence of a background of
low probability in the matrices from simulations, which is
negligible in pAF and p®®. Nevertheless, the relative comparison
of indexes is significant. We first observe that the agreement with
p®® is generally slightly better than with p*f, and a generally
better match is obtained for wtGFP than for others, which is
explained by considering that these are the most represented in
the statistical data set over which the FF are parametrized and
AF is trained. Concerning the performances of the FFs, we
observe systematically better performances for Trovato,
followed by COCOMO and CALVADOS. There are, however,
exceptions: CALVADOS performs best of all on the wtGFP,
while Trovato performs the best, especially in the less
structurally represented variants, such as FP583 and scGFP.
Considering the specialization of the Trovato FF on the IFPs, a
higher accuracy in the interface prediction was somehow
expected.

This analysis is confirmed by the Jaccard index reported in
panel (b), displaying similar trends as r. Table S3 reports the
numerical values of the indexes and the graphical analysis
performed with ] calculated and restricted to primary and
secondary interfaces. Trovato confirms the best in predicting the
primary interface for GFPs (residues 140—228), and with
enhanced accuracy for both interfaces of FP583 (residues 90—
130 and 120—220, respectively). Furthermore, Trovato is the
only FF capable of identifying the primary interface of FP583,
whereas all the other FFs exhibit lower ] values for this variant.
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Figure 10. (a) Clusters generated by AF3. For each IFP variant, clusters up to 20-mer are reported, choosing two structures that are the most diverse.
(b) Ilustration of primary and secondary interfaces of wtGFP and FP583, and of the different orientations of trimers formed by the two kinds of

interfaces.

The largest aggregation tendency produced by the Trovato FF is
probably related to the highly specific stabilization of this
interface. Conversely, CALVADOS appears to be more accurate
in reproducing the secondary interface (residues 40—80) for
both the wtGFP and scGFP variants (Table S3). The primary
interface of all variants is mainly stabilized by hydrophobic
contacts and side-chain hydrogen bonds, while secondary
interfaces are mainly stabilized by polar interactions and side-
chain hydrogen bonds.

In general, we note that the different behavior of Trovato FF,
more specifically revealing the IFP interfaces, and CALVADOS-
COCOMO, more general and less specific, can be understood
primarily by considering the used data set for parametrization: in
Trovato, it is composed of structured proteins with folds similar
to the IFP, while for the others, it is composed of disordered
proteins. In the latter, general hydrophobic interactions are
weaker due to solvent exposure and are therefore enthalpically
disfavored. Besides, specific interactions are less represented due
to disorder and are therefore entropically unfavored.

Protein Interfaces Determine the Global Structure of
Clusters. We now turn to compare the cluster structures
generated during simulation to the multimers generated by AF3.
We start from the latter, reported in Figure 10.

Coherent with their similar interfaces, the three mutants of
GFP have similar multimer structures, while the FPS583
multimers are different. This can be understood by examining
the local geometry of the two interfaces in each cases. In GFP,
the two interfaces are located so that, in a trimer, the three
proteins form an obtuse angle when viewed from the top (see
panel (b)). Therefore, in large multimers where proteins are
organized with parallel axes, they can form a “ring”. Small
torsion between protein axes and the possibility of forming side-
to-top contacts also favor the formation of hollow globular
structures in larger multimers. FP583, conversely, has its two

interfaces locate at about 90°; therefore, it preferentially forms
compact tetramers, which can in turn organize into regular
arrays that can also be elongated. These are preferred over
hollow rings or globular structures, which can still, however,
form by top-side contacts. Consistently, the radius of gyration
predicted by AF3 for multimers of FP583 is slightly larger than
that of GFP variants, e.g,, for the 20 mer ~50 A and ~60 A,
respectively (see also Figure 11).

The clusters obtained from simulations are generally more
disordered. A classification of multimers into groups according
to the number of monomers for the different FFs/IFPs is
reported in Figure 12, while the size is also quantified by the
radius of gyration reported in Figure 11. Again, we observe that
the average size of clusters in simulations with CALVADOS,
COCOMO, and Trovato increases in the mentioned order, in
agreement with the results shown in the previous section on
viscosity, contact formation dynamics, h value, and increasing
aggregation tendency.

More specifically, CALVADOS primarily produces very small
clusters whose aggregation-disaggregation dynamics are fast.
Although some of the ring and globular conformations produced
by AF3 are recognizable in the clusters from simulations, the few
aggregated structures are generally more expanded and
somewhat branched. In spite of the very small clusters formed,
an increase in their average size is observed when transitioning
from scGFP or wtGFP to sfGFP or FP583, for which clusters of
up to 4—8 monomers are observed.

COCOMO produces clusters of 5—20 monomers on average,
with a similar trend of cluster size increasing as one moves from
GFPs to FP583. Interestingly, when the comparison is possible,
the relationship between the number of monomers and the
radius of gyration is similar to that of CALVADOS (see Figure
11a—d and (e) for the exponent of the fit). This indicates that
although the aggregation propensity is different, the structure of
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Figure 11. Cluster radius of gyration as a function of the number of proteins in the cluster, averaged over trajectories for different force fields (symbols
reported in the legend) and different variants: (a) scGFP, (b) wtGFP, (c) sfGFP, and (d) FPS583. Data are fitted using exponential scaling law Ry o NP
(N = number of monomers in the cluster), with the exponent p reported in subplot (e). (For the sake of comparison, the exponent p is 1/3 for spherical
clusters, p ~ 0.6—1 for linear clusters, and p ~ 0.4—0.5 for branched and fractal aggregates.) Line coding: solid = CALVADOS, dashed = COCOMO,

dotted = Trovato, dash-dotted = AF3.

the formed clusters is similar in the two FFs. Indeed, we observe
a considerable tendency to form branched and elongated
structures. These are mainly present in FP583 but also in the
other mutants, although for them, globular clusters are also
present. Interestingly, fibrillar structures were experimentally
observed in sfGFP.””

Trovato produces the largest clusters in terms of the number
of proteins included and is more compact and generally more
similar to AF3 prediction, with more elongated forms in FP583
and more globular ones in wtGFP. Coherently, the gyration
radius data of Trovato superimpose fairly well with those of AF3,
reproducing the relation between radius and the number of
monomers (see Figure 11 panel (e)), consistent with the
previously observed higher similarity of Trovato probability
matrices to those of AF3.

B SUMMARY AND CONCLUSIONS

In summary, in this work we have analyzed and compared the
performances of three different inter-residue potentials in
predicting the aggregation of four IFP variants with different
aggregation tendencies and compared them with the predictions
of AlphaFold3. Overall, the three FFs return different
aggregation tendencies for all the IFP variants; specifically, the
increasing order of predicted aggregation is CALVADOS <
COCOMO < Trovato. This is coherently confirmed by the

54352

analysis of diffusion/viscosity, interprotein contact formation
dynamics, and cluster size statistics, which we find to be
quantitatively correlated, and is coherent with an a priori
evaluation based on the definition of a parameter h representing
an average attraction energy. The order of aggregation is in
agreement with what is known from experiments, indicating
sfGFP and FPS83 are more aggregating than the wtGFP, and
scGFP is less aggregating. Increasing the ionic strength is
correctly observed to enhance aggregation, especially in charged
variants.

The simulations allow one to locate the IFPs in the
aggregation phase diagram. Specifically, IFP-concentrated
solutions simulated with CALVADOS are located just below
the disperse—aggregate transition line, with scGFP, wtGFP,
sfGFP, and FPS83 increasingly moving deeper into the
aggregate region. COCOMO and Trovato simulations are
located deeper in the aggregate region and increasingly nearer to
the cluster-percolate region.

However, assessing which of these FFs is best in predicting
aggregation is not straightforward. COCOMO is apparently the
one that better reproduces the translational diffusivity, and in
particular, the dependence of viscosity on concentration, as
experimentally measured in aqueous solution. Moreover,
although all FFs generally reproduce the differences in
aggregation among the different variants—and all reproduce
the same order of aggregation (scGFP < wtGFP < sfGFP <
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Figure 12. (a) Structure of the largest equilibrated clusters from the thermalized part of the trajectories. (Time evolution is encoded in the background
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FP583) as well as the increase in aggregation with ionic
strength—COCOMO is the one that most strongly enhances
these effects, due to the stronger weight given to the electrostatic
component in this FF.

On the other hand, CALVADOS predicts a very low number
of protein—protein contacts, reflecting its tendency toward
monomeric or weakly interacting states. This is due to its
parameterization, which is optimized to capture intramolecular
properties, such as the radius of gyration, rather than strong
intermolecular interactions. As a consequence, CALVADOS
often places structured proteins slightly below the aggregation
threshold in phase diagrams and tends to underestimate
aggregation, although it still correctly predicts the sequence-
dependent aggregation tendency. We also note that hydro-
dynamic interactions, which may modify diffusivity in differ-
ential way on short and long time scales,” were not included in
the simulations. These aspects represent an important direction
for future work.

When looking at the structure of interfaces and clusters, AF3
data can also be included in the comparison, and new
considerations emerge. Aside from a direct comparison between
the clusters structure of similar sizes, we calculated inter-IFP
contact probability matrices in the simulations and compare
them with the contact probability matrices obtained by
averaging those returned by AF3 among different monomers
in multimers. The completely different methodologies used to
calculate these inter-monomer contact probabilities produce

different features in the matrices, such as a global background of
non-null probability for any contact explored in simulations,
which is absent in AF3.

In spite of this, both methodologies reveal primary and
secondary interfaces, and therefore, a quantitative comparison is
possible. It emerges that Trovato is the FF that displays the
largest similarity to AF3, and more accurately captures the
different features of the experimental interfaces, particularly
those of the red variant FP583. This, in turn, produces some
differences in the cluster structures, which again place AF3 and
Trovato in a class different from CALVADOS and COCOMO:
Trovato (and AF3) predicts more globular structures, especially
for wtGFP, while allowing branching and elongation for other
variants, especially sSfGFP and FP583, whereas COCOMO tends
to present less compact and more branched structures in general.
Indeed, this is a good comparison feature, since fibrillar
structures have been observed so far in sfGFP.

From the methodological point of view, the similarity
between AF3 and the Trovato FF is interesting and can be
understood by considering the derivation of this FF, which is
based on the potential of mean force calculated on a statistical
set including proteins with a fold of the IFP family. The AF3
algorithm is trained on a wide data set of proteins, mainly folded,
and is specifically designed to predict the correct fold, which it
does with high accuracy, especially for well-represented families
such as that of IFPs. In both procedures, therefore, there is a
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specificity toward folded proteins and toward the specific family,
either included a priori or inferred from the sequence.

Trovato predicts a larger viscosity than that of COCOMO in
simulations, as an effect of the stronger stabilization of specific
interfaces. This indicates a larger capability of COCOMO to
explore different and less specific interfaces, which is an added
value if extensive explorations of the phases are needed. On the
other way around, the accuracy in the interface prediction of
COCOMO is lower, also with respect to CALVADOS, which
performs comparably better on the variants of the GFP mutants.
From this point of view, our results on the relative performances
of COCOMO/CALVADOS, parametrized for disordered
proteins, and Trovato on the IFPs are particularly useful in
view of simulating systems that include both ordered and
disordered proteins, such as, for instance, sensors based on the
combination of GFPs with peptides.

On the methodological level, we have also shown here a
possible way of combining, comparing, and integrating
AlphaFold into molecular dynamics, which is somehow an
alternative to the current trends. Neural network-based
algorithms are recently mostly used in coarse-grained models,
either directly to predict forces or even dynamics, or in advanced
fitting procedures of CG FFs,** with excellent results. Here, we
take a different perspective, considering that AF and FF-CG-
based simulations can align on common concepts such as the
contact probability matrix, which is the primary output of AF,
and can also be calculated from simulations. This opens the way
to using these two methods in deeper combination to take
reciprocal advantage: on one side, to optimize the FF
parametrization, and on the other, to enhance the explainability
of the AF algorithm, especially in the prediction of interfaces,
where its reliability is still under test.
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B ADDITIONAL NOTES

1We note that, however, our model has actually charge — 29e: in
order to prevents structural biases, we build the models for all
IFP variants of the same size, by trimming the sometime present
unstructured tails, which in scGFP include a charged residue.
2CALVADOS-2 is chosen. See the Supporting Information for
details on this choice.

3The dependence of the results on r,,, was checked to be weak.
*Except Trovato in the case of wtGFP.
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