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Abstract

Proteins encounter frequent molecular interactions in biological environments. Computer
simulations have become an increasingly important tool in providing mechanistic insights into
how such interactions in vivo relate to their biological function. The review here focuses on
simulations describing protein assembly and molecular crowding effects as two important aspects
that are distinguished mainly by how specific and long-lived protein contacts are. On the topic of
crowding, recent simulations have provided new insights into how crowding affects protein folding
and stability, modulates enzyme activity, and affects diffusive properties. Recent studies of
assembly processes focus on assembly pathways, especially for virus capsids, amyloid aggregation
pathways, and the role of multivalent interactions leading to phase separation. Also discussed are
technical challenges in achieving increasingly realistic simulations of interactions in cellular
environments.

Highlights

e Crowding effects on protein structure, dynamics, and function are investigated via
simulations.

e Protein assembly pathways are predicted from multi-scale simulations

e There are still many technical challenges in simulations of protein interactions in cellular
environments
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Introduction

The dense interior of cells gives rise to extensive interactions between biological macromolecules. Some
of those interactions lead to the assembly of long-lived complexes and aggregates, whereas crowding
effects mainly result from non-specific interactions as well as the volume exclusion effects. Assembly
mechanisms tend to be discussed in the specific context of different systems, such as protein complexes
[1], amyloids [2], virus capsids [3], or bio-inspired nanomaterials [4]. Another consequence of dense
environments is macromolecular crowding that may have more universal effects on protein stability,
dynamics, and functions [5]. However, assembly and crowding can be viewed as different aspects of the
same kind of biomolecular interactions under highly concentrated conditions. The main distinctions are
whether interactions between molecules are mainly attractive or repulsive and, if attractive, how specific,
i.e., long-lived, a certain interaction is. While specific interactions are perhaps easier to understand and
well-characterized for many systems, recent experimental and computational research has focused on
weak, non-specific [6-10] in relation to repulsive interactions that give rise to volume exclusion effects
[5]. Experimental characterization of such interactions, e.g., via nuclear magnetic resonance (NMR)
spectroscopy [6,11] is possible but difficult, especially under in vivo conditions, but much atomistically
detailed insight has come from computer simulations at increasing levels of detail as computers have
become more powerful and computational methods have improved. Atomistic molecular dynamics (MD)
simulations are now routinely performed on the systems containing multiple proteins and other
biomolecules in explicit solvent water [8-10,12-17] enabled by technical advances with current MD
software optimized for graphical processing units (GPUs) [18] and large-scale supercomputers [19,20],
but also special computing platforms such as Anton 2 [21]. This has enabled further progress in
understanding assembly and crowding processes at the molecular level. This review focuses on the most
recent advances from computer simulation studies.

Crowding and non-specific interactions

We begin by discussing crowding effects that result from frequent encounters of molecules in dense
molecular environments. The focus here is on non-specific interactions and their effect on protein
structure, dynamics and function (see example of altered ligand binding due to crowding in Figure 1).

Crowding effects on protein folding and stability

Protein stability is essential for function, and crowding effects on structure have been studied extensively
in the past. A central topic is the balance between stabilizing excluded volume effects expected for any
crowder and potentially destabilizing non-specific interactions that vary between protein crowders. As in
the past, much focus has been on the protein folding transition in the presence of crowders, such as a
detailed analysis of crowder interactions with unfolded intermediates of SODI in the presence of BSA
[22], followed up by a mutational analysis that correlated altered crowder interactions in simulations with
in vivo experiments [23]. Another example is an all-atom folding simulation study of a WW domain in a
small cytoplasmic model where the protein remained trapped in unfolded states due to extensive
interactions with crowder proteins rather than folding rapidly without crowders [24]. Beyond single-
domain folders, crowding effects were investigated via coarse-grained (CG) simulations in a multi-
domain protein, where the presence of crowders reduced cooperativity of domain folding, thereby
significantly altering folding pathways and kinetics [25]. Recent simulation studies have also looked at



more detailed aspects such as how crowding effects on protein stability may vary by temperature from
REST?2 (Replica Exchange with Solute Tempering 2) simulations [26] after the extensvie sampling via
lattice-Boltzmann MD [27], the balance between energy and entropy for interacting dipeptide crowders in
atomistic simulations [28], the effect of crowder plasticity to reduce volume exclusion effects [29], and
the ability of rod-like crowders to stabilize elongated unfolded states studied by CG MD simulations [30].
Finally, towards more functional relevance, polyethyleneglycol crowders were found to induce partially
helical conformations in a disordered protein segment of a protein complex as a proposed first step of
membrane insertion [17].

Crowding and enzyme activity

Crowding has also been found to directly impact enzyme activities at the heart of how cellular
environments may modulate biological function. One important aspect is that crowding may shift
conformational equilibria between active and inactive states and thereby affects catalytic rates as
documented in detail for a number of enzymes via CG simulations [31,32] and atomistic MD simulations
[15], where reactions were accelerated or inhibited in the presence of crowders. Another aspect is the
impact of crowding on the ability of metabolites to reach enzyme active sites. A recent atomistic
simulation study showed not just competing non-specific binding of a kinase inhibitor to crowder proteins
that reduced effective inhibitor concentrations, but also an altered binding pathway in the presence of
crowding, illustrating that crowding may have a variety of effects on enzyme function in vivo [16]. This
point was examined further via 2D lattice Monte Carlo simulation to suggest that substrate channeling
resulting from co-localization of enzymes may be necessary to overcome crowding effects on enzymes
[33].

Protein clustering and diffusion

One of the well-known effects of crowding on proteins is reduced diffusion. A long-established explanation
is that crowders simply present obstacles to free diffusion as volume is excluded. While this topic has been
well explored in the past, a new aspect is the effect of different crowder shapes that was studied via
simulation [34]. However, more recent studies have suggested that protein cluster formation is perhaps the
more important determinant of retarded protein diffusion upon crowding. This topic has been explored
further in recent large-scale atomistic simulations of concentrated protein solutions [13,35] and a small
model of an E. coli cytoplasm [14]. These studies provide further evidence of transient protein clusters due
to non-specific contacts generally lasting less than 1 ps and could explain a greater slow-down for rotational
vs. translational diffusion that cannot be explained by hard-sphere volume-exclusion crowder models.

Molecular crowding effects in different environments

Many studies have focused on crowding effects on proteins in the presence of other cellular components
in biological environments such as membranes and chromatin. Diffusion in the periplasm of Gram-
negative bacteria. In an ambitious study, the diffusion of the antibiotic PMBI1 in the periplasm of Gram-
negative bacteria was examined [36]. This work showcases the degree of realism that can be achieved
today with atomistic simulations with the main observation of a variety of contacts with periplasmic
components resulting in slow diffusion [36]. From another set of atomistic simulations, crowding effects
of soluble proteins near membranes were found to be enhanced due to preferential exclusions of proteins
from the membrane surface while at the same time allowing faster diffusion at the membrane interface



due to protein depletion [37]. The interplay of crowding and membranes has also been studied in a more
specific biological context for the Piezol channel. Here atomistic simulations were used to analyze how
crowding-induced membrane flattening led to pore opening and subsequent selective cation transport
[38]. Other studies have analyzed the diffusion of proteins inside membranes, both in terms of general
determinants such as protein size effects on rotational diffusion via MARTINI CG simulations [39] and
by exploring translational diffusion in the presence of specific interactions with scaffolding molecules in
the context of synapse function via Monte Carlo simulations [40]. Finally, in a different direction, protein
dynamics in the presence of chromatin was studied via CG MD simulations [41] to find that, even
although proteins diffused slowly at high nucleosome densities, the DNA target sequence search
accelerated based on a faster protein-DNA contact rate.

Src2BSA Src4BSA
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Figure 1. Crowding effects on ligand binding. Distribution of small molecule inhibitor PP1 (red densities)
and bovine serum albumin crowder (blue densities) around c-Src kinase (green) at dilute conditions and at
different crowder concentrations (adapted from Fig. 1 in Kasahara et al. [16]; alternate PP1 ligand binding
pathways to c-Src kinase in TYR-in and TYR-out conformations favored by crowding (adapted from Fig.
5 in Kasahara et al. [16]).



Protein assembly into complexes and aggregates

Specific interactions between proteins lead to the formation of long-lived complexes and irreversible
aggregates that are important for understanding function and disease pathology. Multivalent specific
interactions are also relevant for liquid-liquid phase separation. The main role of simulation studies is to
identify the mechanisms of association and determinants of specificity (see amyloid assembly pathway
example in Figure 2). Recent studies of relevance are discussed in the following.

Assembly of protein complexes

The main focus of recent simulation studies on protein complexes is the mechanism of self-assembly for
systems ranging from oligomeric complexes to heterogeneous assemblies and protein filaments. Two
atomistic simulation studies have examined the coupling between oligomerization and functional
activation. In one of them, the lipid-induced dimerization of Bruton’s tyrosine kinase at the cell membrane
is described as a key activation step [42]. In another study, the coupling between folding, tetramerization,
and membrane insertion of a potassium channel in the presence of other proteins in the membrane is studied
to understand the mechanism of its activation [43]. Two other studies focus on the kinetic mechanisms of
complex assembly at larger scales via multi-scale and CG simulations. In the first example, the assembly
of FtsZ filaments was examined to suggest nucleation mechanisms based on switching between alternative
dimer species [44]. A second example describes assembly pathways for inflammasome assembly [45].

Virus capsid assembly

Orchestrated self-assembly is especially important for virus capsid formation and many simulation studies
have examined this topic with a view on identifying new avenues for developing antiviral therapies. Several
studies have focused on the energetics of various binding modes of capsomers, the basic assembly units.
The studies analyzed details of heterotetrameric capsomer formation for dengue virus [46] and the trimer
of dimer capsomers in giant viruses [47]. A common theme was an emphasis on electrostatic interactions,
often captured via continuum electrostatics frameworks and the identification of key residues relevant for
driving oligomerization. Another study focused on Hepatitis B virus capsomer formation as a function of
conformational changes induced by mutation to explain altered assembly kinetics [48]. Other studies
targeted assembly of entire virus capsids relying on CG models to access the larger scales. In one example,
Hepatitis B capsid assembly pathways were studied to understand how dimer association energies
determine trapping in intermediate states [49]. A different study looked at how HIV-1 capsid assembly
depends on the dynamic distribution of intermediate units [50].

Amyloid aggregation

Protein aggregation into amyloids is primarily important in the context of disease. This continues to be a
topic of significant research interest and here we only mention simulation studies that focus on specific
aspects of amyloid aggregation in the context of protein self-assembly. Studies reviewed here used
atomistic simulations and most revolved around the topic of oligomer formation for amyloid forming
peptides under different conditions and as a function of sequence variations. Ap dimerization was
compared between water and membrane environments in one study [51] and as a function of an external
electric field in another work [52]. AP aggregation was further discussed in the context of kinetic traps



formed by misregistered 3 sheets [53]. Aggregation as a function of sequence was investigated in human
calcitonin [54] while another study ascribed peptide flexibility as a destabilizing factor for assembly [55].

Multivalent interactions and phase separation

Liquid-liquid phase separation (LLPS) is a topic of broad biological interest. We only focus here on
simulation studies that analyze molecular interactions that may drive phase separation. A common theme
is a focus on interactions between intrinsically disordered proteins (IDPs) as a function of amino acid
patterning, mostly via CG or multi-scale simulations to address the larger scales and highly dynamic nature
of IDPs. Two studies examine LLPS propensity as a function of sequence more generally [56] and attempt
to delineate between propensities for aggregation and phase separation [57]. Other studies more specifically
examine the sticker-spacer model for multivalency underlying phase separation propensity in the context
of assembly kinetics [58], as a function of ligand binding [59], and for constructs with heterogeneous
sequence patterns arranged in blocks that may give rise to more complex condensate morphologies [60].
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Figure 2. Amyloid assembly pathways. Schematic diagram of A6 fibril elongation mechanism with
kinetic traps due to -sheet misregistration (adapted from Fig. 6 in Proc. Natl. Acad. Sci. U.S.A. 2020,
117:10322; Copyright (2020) National Academy of Sciences).



Technical challenges

Despite much progress, technical challenges remain in capturing protein interactions in diverse biological
environments via simulations (see example of a complex periplasmic model in Figure 3). Briefly, the
main issues are energy functions that need to accurately balance intra- and intermolecular interactions
between different molecules and time-scale limitations in being able to cover pus-ms time scales for
system sizes of 10 nm — 1 pm in order to adequately describe assembly and crowding phenomena.

Interaction parameters

Classical force fields for biomolecules are widely available and well-optimized for simulations of single
macromolecules in solution or in a membrane [61,62], but their transferability to multi-component
systems with heterogeneous compositions has been tested only recently. One issue is that many force
fields appear to be imbalanced between protein-protein and protein-water interactions as they favor the
stability of natively folded proteins, at the expense of overcompaction in intrinsically disordered regions
(IDRs) [63] and aggregation when multiple proteins are present [10,64]. Specific insight into force field
deficiencies for amyloid aggregation is available from two recent studies [65,66]. Corrections to the
Lennard-Jones pair-wise potential [10,63,67] as well as recent force field reparameterizations [68] may
address the issues [10,14]. Interactions between different classes of molecules, such as between proteins
and nucleic acids, are another issue as correction factors have been proposed [69]. Further work is likely
needed on this front, and it remains to be seen whether different approaches such as Kirkwood-Buff based
force fields [70,71] and polarizable force fields [72] are ultimately needed for finding interaction
potentials that are optimal for heterogeneous biological environments. However, a larger question may be
what level of physical detail is needed in the end to describe phenomena on cellular scales and whether
effective multi-scale approaches where models at coarser levels are calibrated against accurate atomistic
potentials or against empirical data, e.g., from experiment, are a more effective approach.

Time scales

Relevant time scales for biomolecular association and crowding processes are at least on the order of
microseconds and much longer if folding or condensation processes are considered. Recent studies based
on atomistic MD simulations typically reach 1-10 us MD simulations [10,13,14,16]. Some of them used
the MD-special supercomputer Anton2, while multi-ps simulations are also attainable with the latest GPU
platforms. These simulations provide good statistics on diffusive internal and intermolecular motions.
However, processes with significant kinetic barriers, such as internal conformational rearrangements,
specific ligand binding, and protein complex assembly, remain difficult to study. Enhanced sampling
methods such as REST2 methods [26] that target part of a given system can address such challenges with
reasonable computational resources as shown in recent studies of crowded systems focused on internal
conformations [22,27]. REST2 likely remains the most effective strategy for extending the time scales
that can be reached via simulation, while the enhancement of conformational sampling is limited to the
target.
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Figure 3. Molecular model of a bacterial periplasm. Snapshot of a crowded double-membrane system
with proteins (green) and antibiotic polymyxin (yellow) (Reprinted from Structure 2021, 29:444-456.e442
with permission from Elsevier).

System size

Systems of interacting proteins need to be large enough to reach experimental concentrations, provide
sufficient statistics, and reduce finite-size effects. Some model crowded systems may contain only a few
proteins when high concentrations are simulated, but in many cases, hundreds or thousands of interacting
proteins are simulated [12,13] resulting in very large systems that are challenging for typical
computational platforms. Continued developments in scaling MD software such as NAMD and GENESIS
to take advantage of massively parallel supercomputers are one avenue for simulating very large cellular
systems up to a billion atoms [19]. Another strategy is to reduce model resolutions via CG so that larger
systems can be simulated with fewer particles [73,74]. There are many examples of recent CG
simulations that focus on assembly and crowding processes [25,30,44,50,57,59,75]. CG models may be



even more limited by the quality of interaction parameters. On the other hand, the lower resolution may
be inherently more appropriate to describe interactions at larger scales and to match with relevant
experimental data of biomolecular behavior under in vivo conditions. However, as a practical issue, the
advantage of coarse-graining may be lost because larger-scale CG simulations are often not optimized to
the same extent as atomistic simulations for high-performance computing environments. The reduced
optimization in larger-scale CG simulations mainly originated from difficulties in balancing
computational load between different CPUs. Clearly these are technical challenges that remain to be
addressed to increase the impact of CG simulations of cellular environments in the future.

Outlook

What are the next big challenges of atomistic and CG MD simulations of the biological systems in
cellular environments? One of the most interesting challenges would be to investigate the relationship
between LLPS in the cells and macromolecular crowding effects under in vivo and in vitro conditions.
One significant issue is that the simulation of interactions between disordered proteins or highly dynamic
globular proteins and enzymes remains a formidable sampling challenge. At the same time, dynamics is
likely a critical component in understanding biological function in the context of crowding and phase
separation but also protein assembly. Another issue is that even although the complexity of simulations
has greatly increased in recent years, many key aspects of cellular environments are still lacking. For
example, LLPS is not just observed in the cytoplasm but also in cellular nuclei, suggesting that
interactions with nucleic acids may need to be considered more extensively. The eventual goal may be
integrated simulations that fully reflect the entire cellular environments driven by available experimental
data. To that end, new tools for building structural models of entire cells that are emerging now [76], will
become critical.
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