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Abstract

With the explosion of normal mode analyses (NMAS) based on elastic network models (ENMs) in
the last decade, and the proven precision of MD simulations for visualizing interactions at atomic
scale, many hybrid methods have been proposed in recent years. These aim at exploiting the best
of both worlds: the atomic precision of MD that often fall short of exploring time and length scales
of biological interest, and the capability of ENM-NMA to predict the cooperative and often
functional rearrangements of large structures and assemblies, albeit at low resolution. We present
an overview of recent progress in the field with examples of successful applications highlighting
the utility of such hybrid methods and pointing to emerging future directions guided by advances
in experimental characterization of biomolecular systems structure and dynamics.
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Introduction

Recent years have seen an explosion in the number of studies that have used either coarse-
grained (CG) or atomic models for normal mode analyses (NMAs) of complex biomolecular
structures. Among CG models, elastic network models (ENMs), and especially the
anisotropic network model (ANM), have found wide utility, due to their simplicity and
computational efficiency as well as proven robustness and relevance of predictions to
functional mechanisms. These studies present the advantage of predicting a unique solution
for the spectrum of modes of motion accessible to each structure, each mode representing a
collective coordinate for ‘escaping’ the original energy minimum in the multidimensional
conformational energy landscape (see Box 1). More importantly, numerous comparisons
with experimental data demonstrated that the most easily accessible modes (that entail the
least ascent for a given size departure from the energy minimum) are those naturally selected
and deployed to accommodate functional interactions, hence the increased focus on NMA
and the emergence of new concepts such as the evolution of structures to favor functional
dynamics [1]. The fact that mutants exhibit structural changes along these ‘soft” modes
further suggests that these modes often provide a path to alleviate the effect of perturbations.

While such studies have shown considerable success, it also became clear that they could
benefit from combined use with classical molecular dynamics (MD) simulations, and vice
versa. For example, commonly used ENMs are agnostic to residue type and are purely based
on geometry. The predicted modes represent entropically driven fluctuations. Such mode
evaluations could benefit from refinements/corrections by full atomic or forcefield-based
(FF-based) simulations. MD simulations, on the other hand, are usually limited by
computing time, entailing a trade-off between the system size and the duration of
simulations. Small proteins’ dynamics can be simulated up to milliseconds [2], but large
systems typically characterized by cryo-EM cannot be simulated for long enough to explore
events of biological interest, even with specialized hardware. Such systems can be analyzed
using NMA, albeit at low resolution [3,4].

Such considerations led to the development of a plethora of hybrid models in recent years in
the interest of taking advantage of the collective/global nature of ‘soft’ modes and the
atomic-scale accuracy of MD simulations. These methods, broadly described as normal
mode (NM)-driven simulations, use FF- or ENM-based NMA for enhancing the efficiency
of atomic simulations such as MD, accelerated MD, Brownian dynamics, or replica
exchange MD (REMD). Conversely, a second group of studies focuses on conformational
changes driven by CG NMs, and refines them by MD or energy minimization to reconstruct
their atomic counterparts. These may be classified as simulation-refined ENM predictions.
Finally, a third group resorts to the incorporation or consolidation of experimental data,
shortly referred to as experimentally-guided ENM-NMA. While the separation between
these three groups is not clear-cut, we present in the next three sections a few examples
which predominantly belong to these respective groups, some illustrated in Figure 1.
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One major success of NM-driven simulations has been their ability to efficiently sample
conformational space

NMs can be introduced into MD in many ways. One approach that has found utility in recent
years [5,6] is MD with excited normal modes (MDeNM; see Figure 1D) [7]. The idea
therein is to enhance the atomic velocities in the direction of a set of linear combinations of
either FF- or ENM-based NMs, effectively exciting the associated degrees of freedom to a
higher temperature, followed by relaxation of the structure via local rearrangements over a
few picoseconds, within a multi-replica strategy. This excitation may, for example, mimic
the modes being deployed in response to a perturbation, such as ligand binding.

The strategy of iteratively directing the conformational changes along NMs (by targeted
MD) followed by short MD runs to relax the target conformation is also the underlying idea
of collective MD (CoMD; Figure 1B) [8]. Yet, CoMD differs from MDeNM as the
combination of soft modes is generated by taking tens to thousands of steps along them to
iteratively create intermediate conformers at each cycle. CoMD samples conformational
transitions by using a Metropolis Monte Carlo scheme that selectively biases the trajectory
toward the endpoint; and it may alternatively perform unbiased sampling starting from one
or more structures. CoMD has proven useful in assessing the conformational landscape of
proteins [9]. A similar approach has been employed in the Perturb-Scan-Pull approach [10]
where steered MD is used to drive conformational sampling along directions defined by the
ENM-based perturbation response scanning (PRS) method [11,12].

Distance-dependent biasing potentials based on single ENM modes have also been used in a
Hamiltonian replica exchange framework [13-15], shortly designated as ENM-REMD,
which successfully characterized yeast Hsp90 dimer motions [13] (Figure 1E).

Another hybrid method, implemented in the server eBDIMS[16], generates transition paths
between, or excursions in the vicinity of, known structures in the conformational landscape.
eBDIMS combines ENM modes with Brownian Dynamics (BD) Importance Sampling [17]
(Figure 1F). There are several other NM-based methods/servers for sampling transition
pathways, including IMODS[18], aANM[19], NMSim[20], NOMADIJ21],
ANMPathway[22] although the majority do not include MD.

ENM-NMA predictions assist in selecting or refining biomolecular complexes and

assemblies

In the second group of methods (ENM-NMAs refined by MD or energy minimization), we
distinguish three areas of application: generation of conformers for complexes, cryo-EM
structure refinement/fitting, and studies at the structural-proteome level.

ClustENM performs unbiased sampling of the conformational space in conformity with
experimental and MD data by iteratively deforming the structures along combinations of soft
modes, clustering the generated conformers, and applying energy minimization to cluster
representatives in implicit solvent before starting a new cycle [23]. A notable extension [24]
is the generation of conformers for protein-protein and protein-DNA complexes, combined
with docking software HADDOCK [25], illustrated in Figure 1A. The recently introduced
iterANM-1aMD protocol also generates ClustENM conformers followed by exploration of
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energy landscape by enhanced sampling MD [26]. The BP-Dock algorithm [27] uses a
similar approach for ENM-based conformer generation for docking but the directions are
based on PRS.

A similar approach is used for individual modes in the DynOmics webserver [28] where
bond regularization and energy minimization generate physically realistic full-atomic
conformers. A major utility is to generate conformers not only for individual proteins but
also biological assemblies. Due to its computational efficiency, DynOmics is rapidly
becoming a broadly used tool with applicability to the structural proteome.

A recent extension of MDeNM, called MDeNM-EMfit, demonstrates the utility of hybrid
methods in meeting the needs emerging by the cryo-EM revolution [5] (Figure 1D).
MDeNM-EMfit generates conformers that best fit the target density map by a biased
selection of NMs. This is an advance over flexible fittings of high resolution structures to
EM maps [29] using either NMs (usually ENM-based) or MD. This example presents a
smooth transition to methods that advantageously utilize experimental data.

Integrating Experimental Data Improves Elucidation of Conformational Ensembles

Recent studies have shown the utility of incorporating experimental data in developing or
refining computational methods for complex systems/processes [29-32]. Experimental data
not only enhance conformational sampling but also alleviate limitations intrinsic to MD or
lack of resolution inherent to CG models [30,31].

Experiments-guided methods are especially useful for interpreting ensemble-averaged data
from NMR and SAXS. The amplified collective motions (ACM) method [33], one of the
earliest hybrid methods using ANM and atomic simulations, recently proved useful in
SAXS-oriented ensemble-refinement (SAXS-ER) [34,35] (Figure 1C). Averaging restraints
across multiple replica runs recovers the structural and dynamic features captured by NMR,
shown for a number of proteins [30].

In cryo-EM, where single particles in different conformations can be captured but the signal-
to-noise ratio is poor, averaging within classes is essential to reconstructing the structure of
the complexes under study [36], and the multi-replica approach has proven useful in
ensemble fitting to cryo-EM class averages [37]. Hybrid EM NMA (HEMNMA) [38] is
another recent method developed for interpreting cryo-EM data, where structures deformed
along NMs are converted to density maps that are directly compared against the raw 2D
projection images from cryo-EM. This allows continuous classification of the 2D images,
which could provide better interpretations of functional mechanisms.

Ensemble analysis can also be performed for multiple structures resolved for a given protein
under different experimental conditions. Such comparisons [39] were indeed at the heart of
ProDy development [40,41], which found extensive use in recent years. Further examination
of CG free energy landscapes in the light of knowledge-based potentials and ENM-based
entropies provides new insights into the molecular basis of functional transitions [42]. Such
ensemble analyses provide useful information on consensus normal modes or signature
dynamics of protein families [43,44], and can be combined into NM-driven sampling as
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shown for HIV protease [45]. The new toolkit SignDy facilitates a systematic analysis of
such signature dynamics, including the classification of protein families into subfamilies
based on their dynamics, and incorporation of sequence evolution analyses, providing a
better understanding of protein mechanisms and their evolution [43]. Such comparative
analyses of sequence conservation and structural dynamics lead to a better understanding of
the interplay between evolution and function [1,40,43,46,47]. Integration of network models
with sequence evolutionary analysis emerges as a useful tool for elucidating mechanisms of
action [48].

Biomedical Applications: shedding lights into the mechanisms of diseases, allostery,
inhibition, and impact of mutations

As described above, hybrid methods permit us to examine systems/processes beyond the
reach of individual methods used in isolation, hence their use in biomedical applications.
Here, we highlight a few recent examples.

By combining ENMs with multiple MD trajectories, Orozco and coworkers demonstrated
that glioblastoma mutations at the ectodomain of EGFR can favor untethering to a compact
intermediate state, removing a steric constraint on kinase activation [49]. Another recent
study of the dynamics of a mechanosensitive channel, NOMPC, using a combination of
ANM-NMA with MD and continuum mechanics, showed that ankyrins behave as biological
springs to open the NOMPC channel [50]. In another, MDeNM was used to study structural
transition of prion conformations from the cellular natural (PrPC) to the scrapie (PrPSc),
obtaining several intermediate and transition states involved in aggregation [6].

VMOD [45,51,52], based on adding constraints to the FF to bias conformational changes,
has elucidated the exposure of binding sites, such as the putative binding regions for human
Trx1, upon global conformational changes [53], corroborated by docking simulations and
CD spectrometry [54]. VMOD also helped elucidate the exposure of the binding sites on
DPP-4 [55], CDK2 and DHFR for ligand binding and virtual screening [56]. Not
surprisingly, several tools/servers have been developed for modeling small ligand- and
peptide-binding to highly flexible proteins [57], as well as the complexation of trigger-factor
with ribosome [58]. Combination of ANM-based computations with suppressor sequence
analysis recently showed the capacity of cohesin to ‘hold and release’ DNA [59]. Combined
use of ENM/NMA-based linear response theory and REMD helped provide a spatiotemporal
description of the mechanism of programmed ribosomal frameshifting [60].

Another area where ENM predictions made an important impact is the evaluation of
missense mutations. A newly developed machine learning methodology implemented in the
server Rhapsody [61] combines sequence information with ANM predictions to accurately
assess the effect of missense mutations on biological function [62]. This study, validated for
more than 20,000 single amino acid variants, highlights the significance of collective
dynamics (in addition to sequence evolution and structure) in determining the impact of
mutations. DynaMut [63], on the other hand, integrates graph-based signatures, structural
features and NMs (using an ENM-based contact model [64]), but not sequence data, to
estimate the impact of a mutation on protein stability.

Curr Opin Struct Biol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krieger et al. Page 6

Summary and future directions: integrative approaches for structural systems biology

Hybrid approaches combining NMA (using either ENMs or atomic models for representing
biomolecular structures) and MD, plus experimental data originating from biophysical
techniques such as X-ray crystallography, NMR, SAXS, EM, and FRET, will increasingly
be necessary to establish the link between the complex structural dynamics of biomolecular
assemblies or supramolecular machines and their mechanisms of function. Although NMA
is performed under vacuum conditions, it captures in a robust way the large-scale collective
directions of motions that span the subspace of potentially functional changes in
conformation. Use of this information in hybrid approaches through energy minimization
and/or MD that make use of precise atomistic physical FFs, including if necessary
experimental restraining potentials, will lead to powerful possibilities for large systems.
Among the main challenges, the determination of the different preferential structures that
these systems can adopt, the pathways linking them, and the quantitative evaluation of
corresponding time scales remain important aspects to be improved. The use of experimental
restraints in hybrid methods will certainly offer more targeted and reliable explorations. In
this regard, cryo-EM opened up new outstanding possibilities to study the dynamics of very
large systems. As cryo-EM allows for the characterization of a broad spectrum of
conformations, advances in hybrid simulations accompanying those in cryo-EM technology
will make it possible to thoroughly study the space of conformations and obtain an overall
view of functional dynamics.

From a methodological point of view, the combination of NMA with MD allows a powerful
way to realize the coupling between slow and fast motions. Such methods will also help treat
ordered and disordered regions of a biological system and reveal their mutual influence.
They are also essential to characterizing stable or transient structures and interdomain/
intersubunit correlations typical of allosteric proteins and designing new strategies for
molecular interventions. From an energetic point of view, the integration of MD and NMA
offers the possibilities to include the effect of the environment, like the solvent, ions, and
membrane, which can influence the structural dynamics, while also allowing for exploring
time and length scales well beyond those conventionally examined by full atomic MD. The
use of more realistic FFs, such as those that include a polarization contribution, would
undoubtedly lead to a better estimation of the relative stabilities of conformational substates.
Finally, ever-increasing computational power will allow the entropic contributions to be
considered more routinely in these estimations in the near future.

With increasing volume of structural data, including those determined by cryo-EM and
advanced structural modeling tools, as well as other experimental data serving as restraints,
a new field, /ntegrative structural biology [32] or structural systems biology [65], is
emerging in recent years. It is anticipated that CG models, including ENMs, and associated
hybrid methods, will be increasingly important for navigating the space of conformations
accessible to supramolecular assemblies, or the network of interactions at the structural
proteome level. As recently noted [25], ‘less is more’, i.e. performing operations at a CG
level (followed by full atomic reconstruction) is a viable approach for reducing the
complexity of conformational searches upon smoothing out the energy landscape. Such
efforts for ‘adding structural details’ to protein networks (e.g. Interactome3D [66])
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significantly accelerated in the last decade [67,68], and the importance of adding not only
structure but also dynamic features is now being recognized [69].
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Highlights

. Hybrid methods of three kinds combine normal mode analysis and MD
simulations

. Normal mode (NM)-driven simulations use NMs to enhance energy landscape
sampling

. MD simulations or energy minimization are also used to refine predictions
from NMs

. Integrating experiments into computations creates better hybrid methods

. These hybrid methods are especially useful for large complexes from cryo-
EM
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Figure 1: Examples of hybrid methods combining elastic network model (ENM)- or force-field
(FF)-based NMA with various kinds of simulations.

The colored arrows connect the core methods of the same color to the hybrid methods on the
outside, and panels A-E show example applications. (A) Combination of ClustENM with
the HADDOCK docking software enables generation of more realistic protein-protein and
protein-DNA complexes, such as the example shown. (B) CoMD was used to fill in missing
regions of the conformational landscape of the leucine transporter (LeuT), enabling the
transport cycle to be elucidated. (C) The ACM method was integrated with SAXS
experiments for ensemble refinement (SAXS-ER), yielding an ensemble of structures
compatible with the SAXS data. (D) MDeNM-EMfit is a version of MDeNM where modes
are selected that increase fitting to an electron density map. This method yields high quality
structures with good fits to EM density maps as shown. (E) ENMREMD enhances sampling
of various conformations along normal modes as shown for the Hsp90 dimer. (F) The
eBDIMs method enables efficient transition path sampling as illustrated.
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