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Proteins are the molecular machines of living systems. Their
dynamics are an intrinsic part of their evolutionary selection in
carrying out their biological functions. Although the dynamics
are more difficult to observe than a static, average structure, we
are beginning to observe these dynamics and form sound
mechanistic connections between structure, dynamics, and
function. This progress is highlighted in case studies from
myoglobin and adenylate kinase to the ribosome and molecular
motors where these molecules are being probed with a multi-
tude of techniques across many timescales. New approaches to
time-resolved crystallography are allowing simple “movies” to
be taken of proteins in action, and new methods of mapping
the variations in cryo-electron microscopy are emerging to
reveal a more complete description of life’s machines. The re-
sults of these new methods are aided in their dissemination by
continual improvements in curation and distribution by the
Protein Data Bank and their partners around the world.

Except at a temperature of absolute zero, which is impos-
sible to achieve, molecules exhibit dynamic behavior. A scale
from fast vibrational states to conformational changes to
complete folding/unfolding events exist and can be observed
in proteins and other biomacromolecules. Crystallography has
celebrated over 100 years of visualizing the atomic structures
of elements and compounds and about 60 years of doing the
same for macromolecules and large biological complexes.
More recently, cryo-electron microscopy has rocketed to the
forefront of structure determination methods, also revealing
atomic or near-atomic detail. These techniques, together with
NMR have yielded almost 200,000 experimental de-
terminations of the average positions of atoms in an
astoundingly diverse set of proteins and nucleic acids and their
complexes. Graphic artists’ renderings regularly grace the
covers of journals. Perhaps because vision is one of the
strongest senses of humans, we peruse these structures eagerly,
hanging theories on them about how they work, defining
atomic level mechanisms, and generating new hypothesis for
further exploration.

However, these macromolecules are not static at their
physiological temperatures. We can often observe experi-
mentally variations in structure and also sometimes time-
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dependent changes, i.e., dynamics. A disclaimer on use of
the word dynamics should be given here. No one would argue
with the idea that proteins with the same amino acid sequence
exist in variety of states at some level of detail, and that at
modest temperatures there are interconversions between these
states, hence dynamic processes are taking place. Theories of
induced fit (1) and conformational selection (2) require a
rearrangement of atoms in some kind of dynamic process. In
this review, a broad definition of protein dynamics is used,
including kinetic changes in particular structures and changes
in populations within distributions of conformational states
(3). Not included here is another definition of protein dy-
namics that is more akin to protein turnover, with time-
dependent changes in generation and degradation of pools of
proteins.

Our understanding of relationships between structure, dy-
namics, and function has been multidisciplinary, comprising
work of theorists, computationalists, and experimentalists
from physics, chemistry, and the biosciences. Thankfully there
are some common mechanisms of communicating structure
results in carefully defined ways. The value of scientific
research is almost nothing if not shared with others; the
communication of these atomic arrangements is paramount
and yet publishing a list of numbers in a journal is not feasible
beyond describing those in a modest-sized organic chemical,
much less a protein. Protein crystallography did not exist
before computers, at least not the “solving” part, and the value
of storing the coordinates in electronic form seemed obvious.
The idea to curate them and share them was not so obvious or
even popular at first. Initially implemented at Brookhaven
National Laboratory in 1971 (4–6) the Protein Data Bank
(PDB) has come to be a positive example and a paradigm of
community-based data sharing.

The original PDB was designed to hold and distribute one
set of coordinates per structure. In crystallography, these
would typically be results of a refinement that worked to
minimize the differences between measured diffraction pat-
terns and those calculated from the set of atomic coordinates.
For NMR they would be either a representative single struc-
ture or an ensemble of models, selected as example structures
that met stringent requirements for being commensurate with
the measured data. For cryo-EM these coordinates would be
interpreted from carefully averaged images of single particles.
In any case, there is still a challenge to add dynamically
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changing coordinates to the PDB, while dynamic processes are
seen to be increasingly important for our understanding of
protein function.

Myoglobin and adenylate kinase—two model systems
for studying protein dynamics

Some examples of the quest for knowledge of protein dy-
namics from the authors’ own work and others are described
below. These works illustrate some collective progress in
observing protein dynamics and interpreting it in the context
of biological function. The studies will be presented in order
from small, fast dynamic events to larger, slower ones.

Myoglobin, a small oxygen-carrying protein, the first protein
to have its three-dimensional structure elucidated (7), was also
immediately recognized to need dynamic components for its
biological function, as there was no open pathway for the oxygen
to get into and out of the protein without some rearrangement
(8). The shortest way in and out of the heme binding seemed to
involve getting past the so-called distal histidine side chain,which
in the crystal structures typically blocks the path (9) (Fig. 1).
Myoglobin became a model system for all kinds of multidisci-
plinary studies in protein science, even being referred to as the
“hydrogen atom” of biology by the prominent biophysicist, Hans
Frauenfelder and colleagues (10).

The study of the dynamics of myoglobin is aided by the
presence of an iron-containing heme cofactor that binds ox-
ygen and other small compounds, such as the toxic molecule
carbon monoxide. This group is also what makes myoglobin
and hemoglobin red colored, giving a visible spectroscopic
handle. The heme group thus provides opportunities for
various spectroscopic experiments to probe the details of
ligand binding and unbinding and sources of specificity for the
biologically required oxygen.

Even before the recent development of time-resolved crys-
tallography experiments, a huge body of work existed to
describe the dynamic binding and unbinding of small gaseous
ligands to myoglobin and hemoglobin. In myoglobin, a flash of
laser light can be used to rapidly break the covalent bond
between the carbon of CO and the iron atom of the heme,
termed photodissociation (11). Hans Frauenfelder and his
collaborators in a series of papers experimentally identified the
number and kinds of energy barriers that the CO had to
overcome to rebind to the iron atom. Heterogeneity in the
conformations of the protein manifested as nonexponential
rebinding events, in which different substates of the system
have different intrinsic rates and do not follow one classical
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exponential process. Later work (12, 13) showed relaxation of
the protein is crucial for the escape of the ligand from the
pocket, as was suggested earlier by Friedman and colleagues
(14), where linkages were shown to exist in the related protein
hemoglobin, between the protein conformations and events at
the iron atom and the heme group.

Vibrational (infrared) spectroscopy has been particularly
useful for showing the interplay between conformational dy-
namics and function in myoglobin. Because of its triple bond,
the stretching frequency of CO is shifted to a region not
complicated by other signals. The CO then becomes a sensitive
monitor of properties of the surrounding protein. In a series of
studies, Nienhaus and coworkers observed the effect of the
protein and its different effects on CO, including states shortly
after it is unbound from the iron atom, and when trapped in
preformed cavities inside the protein matrix (15, 16).
Myoglobin was also shown to “relax” to a new conformation
after photolysis that affects the kinetics of its rebinding (17).
Furthermore, mutagenesis has been extensively used to per-
turb the structure and dynamics of myoglobin and test models
of its dynamic behavior (18–20). In one study the stretching
frequencies of the CO and the iron-C bonds were correlated
with oxygen and CO binding affinities through an electrostatic
process (21). And other studies probed the need for dynamic
components of ligand entry and escape including removal of
the distal histidine gate (19), or opening the gate with lowered
pH (22) or propping the gate open with a bound ligand, not
unlike leaving a trail as in Ariadne’s thread (23).

Taken together, these results suggest that not only chemical
bond formation and electrostatics (24) but also transient pas-
sageways within the protein matrix are determinates of the
rates of rebinding of the iron to (or release from) the protein.
These transient kinetic processes may serve as some sort of
kinetic proofreading that supports more preferential binding
of oxygen (21).

Looking deeper into the quantum mechanical and vibra-
tional world of myoglobin and the biochemistry of its iron,
Falahati et al. (25) have described a dynamic process during
ligand dissociation involving oscillatory dynamics of the iron
in the heme during a spin transition that breaks the symmetry
of the system, encourages the transfer of an electron from the
porphyrin to the iron, and retards rebinding of the ligand to
the iron. This same spin transition forces the movement of the
iron out of the plane of the heme and is part of the description
of the mechanism of cooperativity in hemoglobin (26, 27).

The overall dynamics of the entire myoglobin molecule have
also been studied by a variety of methods, including X-ray
crystallography, neutron scattering, and molecular dynamics
(MD) simulations. Comparisons of the dynamics in different
crystal forms, where the amplitudes of small harmonic dis-
placements can be fit to the diffraction data, showed a
consistent pattern of overall motions, once the crystal packing
effects were taken into account (28, 29). In another study,
elastic, quasi-elastic, and inelastic components of neutron
scattering were measured and compared with calculations
from an MD trajectory, showing good correspondence and
supporting an atomic model describing atomic displacements



Figure 2. The enzyme adenylate kinase undergoes large, dynamic
conformational changes during its catalytic cycle. A, proposed reaction
scheme for the enzyme adenylate kinase (E) including the steps of substrate
binding (kon), lid closing (kclose), phosphotransfer (kp-transfer), lid opening
(kopen), and substrate dissociation (koff). B, superposition of molecule A of
apo Aquifex (red) with apo E. coli (blue) Adk reveals only small changes in the
overall structure between the homologues, as indicated by the dashed
ovals. C, superposition of apo Aquifex Adk (red) and Aquifex Adk in complex
(green) with the substrate analog Zn2+.Ap5A (shown as ball and stick in gray)
demonstrates the closure of the ATP and AMP lids on substrate binding.
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on the 0.3- to 100-picosecond time scale (30). All of the results
describe a situation where some parts of the protein are more
mobile, namely, the connection between the C and D helices
(CD corner) and the N and C termini. The dynamics of the CD
corner, particularly at position 46, allow coupled positioning of
the distal histidine for hydrogen bonding to oxygen and to the
opening of the histidine gate (31).

The role of the solvent in defining protein dynamics in
myoglobin has also been explored to show aspects of the water
dynamics (32) and slaving of the protein conformational
transitions by the solvent (33).

Another commonly studied model system for protein dy-
namics is adenylate kinase, a small enzyme that catalyzes the
reversible transfer of a phosphate group from ADP and AMP
to maintain an equilibrium among ADP, AMP, and ATP. The
motions are dramatic, including the opening and closing of a
“lid” and a “flap” that cover the ATP- and AMP-binding sites,
respectively (Fig. 2). At present there are over 1200 papers with
adenylate kinase in the title via PubMed. Enzymology (34, 35),
genetics (36), crystallography (37–40), solution scattering (41),
NMR (42, 43), MD simulations (44, 45), thermodynamics and
unfolding (46, 47), single molecule studies (48, 49), hydrogen
exchange mass spectrometry (43), various spectroscopies,
mutagenesis (50, 51), evolution (52, 53), phylogeny (54), and
bioinformatics (55), and others have all been employed to gain
insight regarding the connections between structure, dy-
namics, and function. There is not a single model for a
Figure 1. Stereochemical interpretation of the side path scheme for
geminate recombination (from Gemini, the sign of twins—referring to
rebinding of the photodissociated molecule before diffusional escape)
and bimolecular binding of O2 from solvent. Upper panel, photo-
dissociated ligands first move into the empty space toward the back of the
distal pocket (state B). Some of the molecules move further into the protein
toward the Xe4 and perhaps Xe1-binding sites (states C). O2 moves back
from these more remote positions into state B and either rebinds to form
MbO2 (state A) or escapes when the distal His64 gate is open. Lower panel,
this reaction scheme is proposed, where k 1 = k bond, k 2 = k escape, and k
3 and k 4 equal the rates of movement into the secondary sites and back to
the primary site or state B (9).

Figure from (40).
pathway commensurate with all the studies. Recent contribu-
tors to work on adenylate kinase make regular use energy
landscape theory in their interpretations (56–59).

The protein is widely studied by structural methods. There
are no fewer than 115 PDB entries with adenylate kinase in the
title, representing 27 species and multiple states of the protein
with and without bound ligands and metals, bound inhibitors,
and occasionally ensembles of structures that represent
interconverting states of the enzyme. These coordinates have
been used to infer dynamic transitions (60) and catch glimpses
of intermediates (38, 40) and examine ensembles from NMR
(61) and crystallography (Bae and Phillips, unpublished). They
have also been mapped to energy landscapes created from MD
simulations (44, 45, 62). The availability of coordinates via
PDB entries has been essential to the interpretation of
experimental and theoretical studies, enabled MD simulations,
and generally informed us about structure–dynamics–function
relationships in adenylate kinase as well as many other protein
systems.

One postulate is that the large-scale motions are not
random but follow directions that promote the needed
chemistry for catalysis (40). However, the time scale of the
large amplitude lid opening of adenylate kinase is too long to
be directly relevant to the actual catalytic step (63), leaving the
question open whether faster short-range motions couple to a
transition state in enzymes. An interesting correlation between
temperature, dynamics, and enzymatic function led to the
corresponding states hypothesis, wherein organisms adapted
J. Biol. Chem. (2021) 296 100749 3
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to different temperatures have enzymes, including adenylate
kinase, that tune their degree of dynamic behavior to be similar
despite operation at different temperatures (51). Whether the
(needed) dynamics are part of a required process in molecular
recognition/specificity of binding or whether they are coupled
directly to the formation of a transition state by orbital steering
is still an open question. Simulations suggest enzyme protein
dynamics can be satisfactorily described as equilibrium fluc-
tuations along the reaction coordinate, which is in line with a
high degree of preorganization being a feature of the enzyme,
and promoting quantum mechanical tunneling (64).

Recently, a crystal structure was obtained of a ternary
complex with ATP, AMP, and Mg2+ allowing (quantum me-
chanics/molecular mechanics) calculations that show a direct
dynamic role for some of the residues in the active site,
dynamically changing the hydrogen bond arrangements of side
chains with the substrates and thus presumably helping cross
energy barriers for catalysis (65). This is an important step
forward in connecting dynamics to catalysis.

The consensus seems to that early notions of simple
openings and closings of segments surrounding the active site
to allow access were overly simplistic and that aspects of
conformational selection, local melting, or cracking with
allosteric effects and orbital steering need to be part of the
defined mechanism. Some studies suggest an ordering of
substrate binding, but the original enzymatic studies implied a
random bisubstrate biproduct (bi-bi) mechanism, at least for
the rabbit muscle protein, for which either substrate can bind
first and either product can leave first (34). Adenylate kinase
from many different species have been studied, and it might
not be true that they all have exactly the same mechanisms.
There is even some evidence that different pathways of lid
opening are taken depending on the temperature, with the flap
opening being more entropy driven (62). It does seem to be
clear that there is a central core that stabilizes the overall
folding of the protein and that the lid and the flap and the side
chains near the active site have effects on catalytic rates,
requiring rather dramatic dynamic processes. Clearly a
detailed pathway describing the motions of the lid and flap and
their roles would be desirable.

Making movies from experiment

Just as Muybridge is credited with producing the first
“movie,” a running horse displayed as a time series of snap-
shots (66), the development of intense appropriately pulsed X-
ray beams and ways of initiating events in protein crystals has
allowed us to move beyond snapshots to primitive movies.

Synchrotron radiation coupled with the reversibility of the
binding of small gasses such as molecular oxygen and carbon
monoxide (67) allowed for real measurements of dynamic
events on the nanosecond time scale, allowing time-resolved
crystallography. The work was extended to subnanosecond
(68) and longer millisecond (69) time resolutions and the
refinement of atomic coordinates allowed animations of the
departure of the CO from the heme-binding site (see video
under supplemental information (70)). After initial photolysis
4 J. Biol. Chem. (2021) 296 100749
the carbon monoxide moves to a docking site, causing rear-
rangements in the pocket residues, the coordinate changes of
which can be seen as a function of time. These include rota-
tions of the heme-pocket phenylalanine concomitant with
movement of the distal histidine toward the solvent, poten-
tially allowing carbon monoxide movement in and out of the
protein and proximal displacement of the heme iron (70)
(Fig. 3).

The advent of the free electron laser has revolutionized the
study of protein dynamics (71), allowing for the collection of
complete three-dimensional data sets with various time delays
after initiation of a protein’s functional cycle. A steady stream
of very small crystals is streamed into the pulsing X-ray laser
and some fraction of the crystals are struck, producing thou-
sands of diffraction images of randomly oriented crystals. The
injection of a multitude of small crystals is referred to as serial
femtosecond crystallography (SFX). These images can be
processed to give near-atomic resolution electron density
maps of the average structure in the illuminated volume.
When some reaction is triggered just before striking the
crystals with the X-ray pulse, one can perform time-resolved
SFX with subpicosecond time resolution (72), and including
confirmation and extension of earlier picosecond work on
myoglobin (73). Because the crystallography experiment av-
erages over many repeating unit cells in the crystal, one ob-
serves distinct states only as long as they are synchronized in
the crystal (74).

Notable examples of time-resolved SFX include light-
induced transitions in photoreceptors (75–77) and the enzy-
matic opening of the lactam ring of antibiotic compounds (78).
Systems likely to be amenable to this approach must meet
certain requirements: the processes to be observed must be
triggerable (by mixing or stimulated by light), the crystals must
preserve order during the dynamic processes, the protein must
be made and crystallized in large amounts (depending on the
serial sample delivery method), and the results must generally
be interpreted as mixtures of states as the initial triggered
synchronicity is eventually lost by stochastic events.

Cryo-electron microscopy and protein dynamics

Cryo-electron microscopy is also contributing to our un-
derstanding of protein dynamics. Electron diffraction, to-
mography, and single-particle imaging all contribute to our
understanding of dynamics. Conformations along a pathway
can be trapped by fast freezing to image different states (with
time resolution limited by freezing times on the millisecond
time scale) or by reconstructing a time series through analysis
of the ensemble of particle image by advanced dimensionality
reduction methods such as iterative classification or manifold
embedding methods (79–82). These methods also provide a
type of “movie” that informs us about the function motions in
proteins. Examples include rotations of ribosomal subunits
corresponding to stepping in translation (see the movie in the
supplemental information from (81)) and the opening of the
ryanodine receptor (see the movie in the supplemental infor-
mation from (79)). In these analyses it was shown how one can



Figure 3. Images of changes in the electron density maps of myoglobin after photodissociation of carbon monoxide with a laser pulse. The ligand
and protein begin (overview panel A) in the conformations represented by the purple density and migrate to the green states as time elapses (detail panels
B-G), showing the dynamics of the process. The CO moves up and to the left, diffusing into the protein matrix. From (68).

Figure 4. Left, vector plot illustration of a normal mode of a protein
taken from (135). Right, the same data, illustrated with an automatic
approach that is also effective at showing the groupings (116).
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convert numbers of appearances of different conformations of
the single particles to energies by the Boltzmann equation and
hence produce a low-dimensional energy landscape with pu-
tative functional pathways.

As a part of the Worldwide PDB (wwPDB), which comprises
members Research Collaboratory for Structural Bioinformatics-
PDB, PDBe (Europe) and PDBj (Japan), and Biological Magnetic
Resonance Bank under the 2013 charter and will soon include
PDBc (China) and PBDi (India), there is the electron micro-
scopy data bank (EMDB) (83), currently holding about 12,000
maps, with about 2000 associated sets of interpreted atomic
coordinates.

Molecular dynamics simulations and normal mode
analysis

MD simulations, ranging from quantum mechanical to
atomic to coarse-grained bases provide trajectories of motion
that follow the underlying definitions of their underlying force
field descriptions. These may or may not have accurate defini-
tions of time but typically result in large data sets of evolving sets
of coordinates. There is not awell-developed depository to share
these data as there is for experimental structure determinations
(84, 85), but there are some specialized efforts to makeMD data
more available (see listing in (86)). It is true that the actual tra-
jectories have stochastic components, so that while they are
perhaps not as unique as experimental measurements their
analysis should be able to be reproduced by others. For an
example visualization, see a simulation of the SARS-CoV-2 spike
protein starting fromPDB entry 6XVVwith added glycan chains
https://www.youtube.com/watch?v=7AhQ19m2ok4 (87).

To glean abstractions of the motions from an otherwise
complicated MD trajectory, dimensionality reductions
methods, such as principal component analysis (88), singular
value composition (89), or other geometric methods (90), have
been employed. If one is interested in the large-scale motions,
these can be quite effective, but it is not guaranteed that the
modes identified by the methods are the most important ones
for biological function (Fig. 4).

There are other ways to predict and analyze the large-scale
motions of proteins. Normal mode methods can serve to show
the directions and relative amplitudes of motions for any set of
coordinates, given their positions and the forces or potential
energy functions describing their interactions. These models
describe harmonic motions relative to the equilibrium posi-
tions of the atoms. The larger-amplitude modes seem more
likely to be relevant in the formulation of mechanistic de-
scriptions, but small-scale modes could also couple to the
J. Biol. Chem. (2021) 296 100749 5
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Figure 5. The protein components of the bacterial flagellar rotor self-
assemble to form a rotating “motor,” twisting a propeller attached
to top of the motor axis (111). It can be turned on and off by protein
dynamics in switching systems to allow taxis toward food or light or away
from toxic elements. Figure from (136).

Figure 6. Relative rotation of the ribosomal subunits during the pro-
cess of protein translation. The top subunit rotates slightly counter-
clockwise from the orange (A) to the yellow (B) position during a cycle. The
superposition is shown in (C). Figure from (81).
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function of the protein. These methods can use the same
atomic force fields used in MD or simplified models (91, 92).
These models are very effective in matching the relatively
small atomic displacements (B-factors) seen in protein crystal
structures (93), especially when the packing of neighbors in the
crystal are included (94). There are many cases where the
large-amplitude modes match known features of a macromo-
lecular system, (e.g., see (95)). Easy ways to calculate these
large-amplitude modes have been made available via web
servers (96, 97). And a database of protein motions has been
created (98, 99).

Larger-scale molecular machines—motility and
replication

When the function of a molecule to is physically translate or
transport objects over some distance, it involved mechanical
work and the required protein dynamics are quite dramatic.
The manifestations of these protein motions extend to scales
that can be seen by single molecule experiments (100–102),
electron tomography (103), and light microscopy (104).
Through a series of studies at resolutions from near atomic to
macroscopic, the contraction of muscle fibers, the “walks” of
dynein, kinesin (105), and myosin (106) are being elucidated in
great detail. These can be thought of as dynamic Brownian
machines (81), using ATP hydrolysis or other sources of en-
ergy to bias the direction and perform useful work. The
concept of a thermal ratchet for rectifying Brownian motions is
useful for many proteins that involve physical transport
(107–109). This concept can be extended to include a broader
range of protein functions by thinking in terms of kinetic
asymmetry instead of spatial asymmetry providing a mecha-
nism by which chemical free energy released by catalysis can
drive molecular adaptation and self-assembly as well (110).
Artists’ renderings of the machinery in action that drives
muscle contraction or motility can be found in the fascinating
YouTube videos linked here: https://www.youtube.com/
watch?v=oHDRIwRZRVI https://www.youtube.com/watch?v=
y-uuk4Pr2i8.

Another fascinating protein system is the flagellar motor.
Similar to being driven by electric motors, these rotating
propellers use the energy from ATP hydrolysis to turn flagella
and move the organism forward. We have a good picture of the
architecture of the motor through light and electron micro-
scopy (111) (Fig. 5). An artist’s rendering of the parts diagram
and the motor in action can be found in this video: https://
www.youtube.com/watch?v=cwDRZGj2nnY.

The big event of life on earth is the replication of DNA,
allowing organisms to reproduce using precise molecular
blueprints. The molecular machines that replicate DNA
(DNA-dependent DNA polymerases) or translate DNA to
RNA (DNA-dependent RNA polymerases) are highly sophis-
ticated and dynamic protein assemblies. Through X-ray crys-
tallography and cryo-electron microscopy the sequence of
events required for these fundamental functions in biology
have resulted in well-illustrated animation videos summarizing
person-decades of research on the individual subunits and
coordinated activities.
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The same is true for the translation step from mRNA to
protein. The ribosome, a complex assembly of both protein
and nucleic acids, undergoes a sequence of steps that move
along the RNA strand, reading the genetic code and adding the
appropriate amino acids (Fig. 6). Recently, an energy landscape
approach using manifold embedding has been used to extract a
sequence of conformations from a set of thousands of single-
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Figure 7. Energy landscape analysis of the ryanodine receptor channel
based on observation of single particles from cryo-EM. Energy land-
scapes from of the apo (closed) state (A, top) and ligand-bound (open) state
(A, bottom). The curved path shows one probable path from the closed to
open states. Shown in B is the probability map for the transition from closed
to open states (79).
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particle cryo-EM images to yield a movie of a cycling ribosome
that seems to correspond well with biochemical steps known
to occur during the translation process (81).

Single molecule studies of protein dynamics yield a picture
of function where every molecule behaves differently but on
average suitable function is achieved (112). Although gener-
alizations are clearly helpful, it may be true that no two pro-
teins have ever had exactly the same structure.† Heterogeneity
exists in the populations of enzymes and other molecular
machines either before their native folding is complete (114) or
after.

The concept of using changing energy landscapes offers a
more complete description of the connection between struc-
ture, dynamics, and functions as it can incorporate both single
molecule and ensemble measurements into a holistic frame-
work. The Boltzmann equation can relate free energy (or at
least some chemical potential) to a distribution of states. The
likelihood of a protein conformational change by say, ligand
binding, would be described by a joint transition probability
calculated from the density of occupied states from the bound
and unbound energy landscapes (79, 82) (Fig. 7).

Role of dynamics in function

“What I cannot create, I do not understand.” Feynman may
have been talking about derivations and theory, but it still may
apply here. We can fold proteins, but we still cannot create
useful enzymes. What are we missing? Antibodies can force a
compound into a near transition state, but the catalytic rates
are poor. Are we missing some dynamic component that steers
orbitals toward a reaction (115)?

One of the difficulties in connecting dynamics to structure–
function relationships is the sheer complexity and the lack of
tools to distill a raw structure or trajectory to something
useful. Frauenfelder spoke of functionally important motions
(nicknamed “fims”), but there can also be biologically unim-
portant motions (coined “bums” by A.R. Crofts at about the
same time). How does one tell the difference? Narratives where
data on the dynamics are woven with other kinds of knowledge
to yield a consistent and physically reasonable model are the
most satisfying. The resulting hypotheses can then be tested by
changing the temperature or changing the dynamic profile of
the protein by mutagenesis or chemical perturbation. Tools for
distilling protein dynamics into patterns that humans can
parse for structure function relationships are scant. Watching
(or evaluating by calculation) an MD trajectory for rare events
that might be relevant is common but does not constitute an
experimental verification. Visualization of the large-amplitude
normal modes can be helpful if the fims are captured in the
low-order modes (97, 99, 116), but this is not a given.
Dimensionality reduction methods can also be used to explore
the landscape of possible functional connections (89). Kinetic
† As a variation of the Levinthal paradox (113) it is easy to show that, even if
all the backbone atom locations are in identical positions, even side
chain rotational and vibrational quantum states are astronomical in their
possibilities. Hence the question is only how broad a distribution of
protein states is.
trapping at cryogenic temperatures is possible now by electron
microscopy, crystallography, and other spectroscopic methods.
Physiological temperature, single particle imaging methods
with near-atomic resolution offer real promise in imaging
structure and dynamics of proteins but are not yet feasible at
high resolution (117).

Analysis of the trajectories and connections to function are
increasingly computable. One example method seeks to
identify barriers along the most probable transition path for a
protein functional event, yielding parameters that can be
compared with experimental values, including analysis of
trends that result from mutational perturbations at the key
sites (118, 119). These approaches, starting simply from PDB
coordinates, may at least reveal the energy coupling between
side-chain interactions that are on the functional rate-limiting
path(s).

From the very first crystal structure of myoglobin, where it
was noticed that the oxygen could not get into or out of the
protein without dynamic rearrangement, it seems clear that
dynamic descriptions will necessarily be a part of the discourse
J. Biol. Chem. (2021) 296 100749 7
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on etiology of protein structure–function relationships. It is
cleaner to build a narrative using a single prototypical trajec-
tory, not unlike a Rube-Goldberg machine, but we know from
single molecule enzyme kinetics that each individual protein
molecule has its own (stochastic) rate. Since we are always
dealing with a fluctuating ensemble of proteins with dynamic
interconversions of states, we argue that a more sophisticated
approach would be to speak in terms of movement on, and the
shifting of, energy landscapes during a protein’s functional
cycle.

Data management and sharing of dynamics results

The ways protein dynamics data are deposited at the PDB
are varied and sometimes creative rather than standardized. In
the case of a paper describing a method of extracting time
points from the study of thaumatin and radiation damage, only
the first time point was deposited (120), with stroboscopic
figures of density map changes over time presented in the
article. In another study of bacteriophytochrome, the raw data
comprising different time points were deposited, and a basic
set of four intermediate coordinate files that were used to fit
the diffraction data were deposited (121). The validation does
not work in this case as any fit would require a linear com-
bination of states. Refinement of coordinates at each time step
sometimes occurs, but capture of the data quality does not
always make it into the PDB entry in standard ways (122);
sometimes only some of the time points are refined and
deposited with others shown as difference maps in the paper
(123), and in cryo-EM only some maps deposited (79). With
more effort, some authors deposited a large number of time
points as coordinate sets, as for a study on bacteriorhodopsin
with 14 related depositions (124). All the above authors should
be applauded for sharing their data in some way. Not all do.

In the cases where explicit coordinates are determined for
each time point, then deposition is more standard. The title
just needs to indicate a time point in a series, then the user can
produce “movies” and analyze the results directly.

The data from time-resolved experiments can be and are
sometimes, but not always, provided to the PDB for deposition
and sharing. Sometimes results are published not as sets of
coordinates but in the form of difference maps, which requires
some “creativity” in a PDB deposition. The mmCIF query
system offers ways to include these data, including multiple
experimental data sets in one deposition. One just needs a
control structure, like an apo-state or a dark, nonilluminated
state to anchor the deposition with a set of coordinates, then
results from the time points can be attached to this entry.
Validation remains a problem for the nonstandard ways of
sharing the data, but at least it is available to the public. In the
future, single particle coherent X-ray diffraction images may
yield new structural data (125), and these studies can and
should also be shared in easily accessible digital form (126).

Sharing of actual structural, dynamic, and functional data
will be increasingly important as artificial intelligence and
machine learning efforts work to integrate heterogeneous
kinds of information into knowledge of the behavior of
8 J. Biol. Chem. (2021) 296 100749
proteins and other macromolecular machines. For data sharing
and management of activities related to protein dynamics,
there are regular workshops where community members
assemble to discuss and propose better ways of incorporating
new kinds of data and structure determination in general
(127). Spectroscopic data other than that from NMR are highly
relevant to dynamics and are included in these discussions,
including new standards for deposition of models obtained
from integrative or hybrid modeling (127). The mmCIF query
system (128, 129) now implemented by the PDB is quite
extensible and should be able to handle new data types related
to dynamics. A continual effort will be needed to encourage
authors to properly describe and share results. Journal editors
and funding agencies also need to insist on the sharing of data
to help ensure the integrity and lasting value of the scientific
efforts. The PDB also should continue to lead the community
to develop standards for curation of dynamics data as they
have successfully done for static structures.

Data to knowledge: Dynamics concepts

The way of presenting interpretations of data related to
dynamics is a critical part of the curation and discourse
components of the scientific work. Presenting dynamic data on
the printed page is challenging (130) but relatively easy with
video. Stroboscopic sequences like those in the Muybridge
movie or in Figure 3 are sometimes effective but quite busy if
the data are in a three-dimensional form, as most protein
representations are. So-called porcupine plots (Fig. 4) are
possible in VMD (131), Chimera (132), or PyMOL (133), as are
superposed members of ensembles, which are sometimes
effective but the time order of the structures is lost. Most
journals are fine with providing links to video that open in
another application but few allow embedded video. There is a
viewer called LENS, introduced by eLife and then picked up by
six HighWire journals (including the Journal of Biological
Chemistry) for a pilot, which allows simultaneous reading of
the article and watching video material. Example trajectories of
dynamic functions of proteins are quite compelling, especially
to visual learners. The PDB has MOL* (134), a powerful
visualizer for interacting with static structures, and some
simple dynamics support.

More creativity is needed to turn dynamics data into
knowledge about the underlying mechanisms of actions of
proteins. Perhaps what we are missing in our ability to design
enzymes de novo is a lack of ways of appreciating the dynamic
components.

Acknowledgments—This project was supported by National Science
Foundation grant 1231306 (BioXFEL, a Science and Technology
Center) and National Institutes of Health grant CA217255. The
content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of
Health or the National Science Foundation.

Author contributions—M. D. M and G. N. P. wrote and edited the
manuscript.



JBC REVIEWS: Protein dynamics and the PDB
Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: MD, molecular dy-
namics; PDB, Protein Data Bank; SFX, serial femtosecond
crystallography.

References

1. Koshland, D. E. (1958) Application of a theory of enzyme specificity to
protein synthesis. Proc. Natl. Acad. Sci. U. S. A. 44, 98–104

2. Weikl, T. R., and Paul, F. (2014) Conformational selection in protein
binding and function. Protein Sci. 23, 1508–1518

3. Frauenfelder, H., Sligar, S. G., and Wolynes, P. G. (1991) The energy
landscapes and motions of proteins. Science 254, 1598–1603

4. Bernstein, F. C., Koetzle, T. F., Williams, G. J., Meyer, E. F., Jr., Brice, M.
D., Rodgers, J. R., Kennard, O., Shimanouchi, T., and Tasumi, M. (1977)
The Protein Data Bank. A computer-based archival file for macromo-
lecular structures. Eur. J. Biochem. 80, 319–324

5. Rose, P. W., Bi, C., Bluhm, W. F., Christie, C. H., Dimitropoulos, D.,
Dutta, S., Green, R. K., Goodsell, D. S., Prlic, A., Quesada, M., Quinn, G.
B., Ramos, A. G., Westbrook, J. D., Young, J., Zardecki, C., et al. (2013)
The RCSB Protein Data Bank: New resources for research and educa-
tion. Nucleic Acids Res. 41, D475–482

6. Berman, H. M., Kleywegt, G. J., Nakamura, H., and Markley, J. L. (2012)
The Protein Data Bank at 40: Reflecting on the past to prepare for the
future. Structure 20, 391–396

7. Kendrew, J. C., Bodo, G., Dintzis, H. M., Parrish, R. G., Wyckoff, H., and
Phillips, D. C. (1958) A three-dimensional model of the myoglobin
molecule obtained by x-ray analysis. Nature 181, 662–666

8. Kendrew, J. C., Dickerson, R. E., Strandberg, B. E., Hart, R. G., Davies, D.
R., Phillips, D. C., and Shore, V. C. (1960) Structure ofmyoglobin: A three-
dimensional Fourier synthesis at 2 A. resolution. Nature 185, 422–427

9. Scott, E. E., Gibson, Q. H., and Olson, J. S. (2001) Mapping the pathways
for O2 entry into and exit frommyoglobin. J. Biol. Chem. 276, 5177–5188

10. Frauenfelder, H., McMahon, B. H., and Fenimore, P. W. (2003)
Myoglobin: The hydrogen atom of biology and a paradigm of
complexity. Proc. Natl. Acad. Sci. U. S. A. 100, 8615–8617

11. Austin, R. H., Beeson, K. W., Eisenstein, L., Frauenfelder, H., and
Gunsalus, I. C. (1975) Dynamics of ligand binding to myoglobin.
Biochemistry 14, 5355–5373

12. Nienhaus, G. U., Mourant, J. R., Chu, K., and Frauenfelder, H. (1994)
Ligand binding to heme proteins: The effect of light on ligand binding in
myoglobin. Biochemistry 33, 13413–13430

13. Meuwly, M., Becker, O. M., Stote, R., and Karplus, M. (2002) NO
rebinding to myoglobin: A reactive molecular dynamics study. Biophys.
Chem. 98, 183–207

14. Friedman, J. M., Scott, T. W., Fisanick, G. J., Simon, S. R., Findsen, E. W.,
Ondrias, M. R., and Macdonald, V. W. (1985) Localized control of ligand
binding in hemoglobin: Effect of tertiary structure on picosecond
geminate recombination. Science 229, 187–190

15. Nienhaus, K., Deng, P., Kriegl, J. M., and Nienhaus, G. U. (2003)
Structural dynamics of myoglobin: Effect of internal cavities on ligand
migration and binding. Biochemistry 42, 9647–9658

16. Ostermann, A., Waschipky, R., Parak, F. G., and Nienhaus, G. U. (2000)
Ligand binding and conformational motions in myoglobin. Nature 404,
205–208

17. Nienhaus, G. U., Mourant, J. R., and Frauenfelder, H. (1992) Spectro-
scopic evidence for conformational relaxation in myoglobin. Proc. Natl.
Acad. Sci. U. S. A. 89, 2902–2906

18. Carlson, M. L., Regan, R., Elber, R., Li, H., Phillips, G. N., Jr., Olson, J. S.,
and Gibson, Q. H. (1994) Nitric oxide recombination to double mutants
of myoglobin: Role of ligand diffusion in a fluctuating heme pocket.
Biochemistry 33, 10597–10606

19. Quillin, M. L., Arduini, R. M., Olson, J. S., and Phillips, G. N., Jr. (1993)
High-resolution crystal structures of distal histidine mutants of sperm
whale myoglobin. J. Mol. Biol. 234, 140–155
20. Gibson, Q. H., Regan, R., Elber, R., Olson, J. S., and Carver, T. E. (1992)
Distal pocket residues affect picosecond ligand recombination in
myoglobin. An experimental and molecular dynamics study of position
29 mutants. J. Biol. Chem. 267, 22022–22034

21. Phillips, G. N., Teodoro, M. L., Li, T., Smith, B., and Olson, J. S. (1999)
Bound CO is a molecular probe of electrostatic potential in the distal
pocket of myoglobin. J. Phys. Chem. B. 103, 8817–8829

22. Yang, F., and Phillips, G. N., Jr. (1996) Crystal structures of CO−, Deoxy-
and Met-myoglobins at various pH values. J. Mol. Biol. 256, 762–774

23. Johnson, K. A., Olson, J. S., and Phillips, G. N., Jr. (1989) Structure of
myoglobin-ethyl isocyanide. Histidine as a swinging door for ligand
entry. J. Mol. Biol. 207, 459–463

24. Nienhaus, K., Ostermann, A., Nienhaus, G. U., Parak, F. G., and
Schmidt, M. (2005) Ligand migration and protein fluctuations in
myoglobin mutant L29W. Biochemistry 44, 5095–5105

25. Falahati, K., Tamura, H., Burghardt, I., and Huix-Rotllant, M. (2018)
Ultrafast carbon monoxide photolysis and heme spin-crossover in
myoglobin via nonadiabatic quantum dynamics. Nat. Commun. 9, 4502

26. Monod, J., Wyman, J., and Changeux, J. P. (1965) On the nature of
allosteric transitions: A plausible model. J. Mol. Biol. 12, 88–118

27. Koshland, D. E., Jr., Nemethy, G., and Filmer, D. (1966) Comparison of
experimental binding data and theoretical models in proteins containing
subunits. Biochemistry 5, 365–385

28. Phillips, G. N., Jr. (1990) Comparison of the dynamics of myoglobin in
different crystal forms. Biophys. J. 57, 381–383

29. Kondrashov, D. A., Zhang, W., Aranda, R. t, Stec, B., and Phillips, G. N.,
Jr. (2008) Sampling of the native conformational ensemble of myoglobin
via structures in different crystalline environments. Proteins 70, 353–362

30. Smith, J., Kuczera, K., and Karplus, M. (1990) Dynamics of myoglobin:
Comparison of simulation results with neutron scattering spectra. Proc.
Natl. Acad. Sci. U. S. A. 87, 1601–1605

31. Lai, H.H., Li, T., Lyons, D. S., Phillips, G.N., Jr., Olson, J. S., andGibson,Q.
H. (1995) Phe-46(CD4) orients the distal histidine for hydrogen bonding
to bound ligands in sperm whale myoglobin. Proteins 22, 322–339

32. Phillips, G. N., Jr., and Pettitt, B. M. (1995) Structure and dynamics of
the water around myoglobin. Protein Sci. 4, 149–158

33. Lubchenko, V., Wolynes, P. G., and Frauenfelder, H. (2005) Mosaic
energy landscapes of liquids and the control of protein conformational
dynamics by glass-forming solvents. J. Phys. Chem. B. 109, 7488–7499

34. Rhoads, D. G., and Lowenstein, J. M. (1968) Initial velocity and equi-
librium kinetics of myokinase. J. Biol. Chem. 243, 3963–3972

35. Khoo, J. C., and Russell, P. J., Jr. (1970) Adenylate kinase from bakers’
yeast. IV. Substrate and inhibitor structurll requirements. J. Biol. Chem.
245, 4163–4167

36. Ferber, D. M., Haney, P. J., Berk, H., Lynn, D., and Konisky, J. (1997) The
adenylate kinase genes of M. voltae, M. thermolithotrophicus, M. jan-
naschii, and M. igneus define a new family of adenylate kinases. Gene
185, 239–244

37. Schulz, G. E., Elzinga, M., Marx, F., and Schrimer, R. H. (1974) Three
dimensional structure of adenyl kinase. Nature 250, 120–123

38. Criswell, A. R., Bae, E., Stec, B., Konisky, J., and Phillips, G. N., Jr. (2003)
Structures of thermophilic and mesophilic adenylate kinases from the
genus Methanococcus. J. Mol. Biol. 330, 1087–1099

39. Berry, M. B., Bae, E., Bilderback, T. R., Glaser, M., and Phillips, G. N., Jr.
(2006) Crystal structure of ADP/AMP complex of Escherichia coli
adenylate kinase. Proteins 62, 555–556

40. Henzler-Wildman, K. A., Thai, V., Lei, M., Ott, M., Wolf-Watz, M.,
Fenn, T., Pozharski, E., Wilson, M. A., Petsko, G. A., Karplus, M.,
Hubner, C. G., and Kern, D. (2007) Intrinsic motions along an enzymatic
reaction trajectory. Nature 450, 838–844

41. Daily, M. D., Makowski, L., Phillips, G. N., Jr., and Cui, Q. (2012) Large-
scale motions in the adenylate kinase solution ensemble: Coarse-grained
simulations and comparison with solution X-ray scattering. Chem. Phys.
396, 84–91

42. Kerns, S. J., Agafonov, R. V., Cho, Y. J., Pontiggia, F., Otten, R., Pachov,
D. V., Kutter, S., Phung, L. A., Murphy, P. N., Thai, V., Alber, T., Hagan,
M. F., and Kern, D. (2015) The energy landscape of adenylate kinase
during catalysis. Nat. Struct. Mol. Biol. 22, 124–131
J. Biol. Chem. (2021) 296 100749 9

http://refhub.elsevier.com/S0021-9258(21)00539-1/sref1
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref1
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref2
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref2
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref3
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref3
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref4
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref4
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref4
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref4
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref5
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref5
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref5
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref5
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref5
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref6
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref6
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref6
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref7
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref7
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref7
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref8
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref8
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref8
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref9
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref9
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref10
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref10
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref10
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref11
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref11
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref11
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref12
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref12
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref12
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref13
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref13
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref13
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref14
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref14
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref14
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref14
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref15
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref15
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref15
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref16
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref16
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref16
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref17
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref17
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref17
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref18
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref18
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref18
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref18
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref19
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref19
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref19
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref20
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref20
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref20
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref20
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref21
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref21
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref21
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref22
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref22
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref23
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref23
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref23
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref24
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref24
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref24
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref25
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref25
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref25
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref26
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref26
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref27
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref27
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref27
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref28
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref28
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref29
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref29
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref29
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref30
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref30
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref30
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref31
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref31
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref31
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref32
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref32
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref33
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref33
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref33
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref34
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref34
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref35
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref35
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref35
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref36
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref36
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref36
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref36
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref37
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref37
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref38
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref38
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref38
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref39
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref39
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref39
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref40
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref40
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref40
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref40
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref41
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref41
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref41
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref41
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref42
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref42
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref42
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref42


JBC REVIEWS: Protein dynamics and the PDB
43. Krishnamurthy, H., Munro, K., Yan, H., and Vieille, C. (2009) Dynamics
in Thermotoga neapolitana adenylate kinase: 15N relaxation and
hydrogen-deuterium exchange studies of a hyperthermophilic enzyme
highly active at 30 degrees C. Biochemistry 48, 2723–2739

44. Whitford, P. C., Gosavi, S., and Onuchic, J. N. (2008) Conformational
transitions in adenylate kinase. Allosteric communication reduces mis-
ligation. J. Biol. Chem. 283, 2042–2048

45. Daily, M. D., Phillips, G. N., Jr., and Cui, Q. (2010) Many local motions
cooperate to produce the adenylate kinase conformational transition. J.
Mol. Biol. 400, 618–631

46. Rogne, P., and Wolf-Watz, M. (2016) Urea-dependent adenylate kinase
activation following redistribution of structural states. Biophys. J. 111,
1385–1395

47. Schrank, T. P., Bolen, D. W., and Hilser, V. J. (2009) Rational modulation
of conformational fluctuations in adenylate kinase reveals a local
unfolding mechanism for allostery and functional adaptation in proteins.
Proc. Natl. Acad. Sci. U. S. A. 106, 16984–16989

48. Taylor, J. N., Pirchi, M., Haran, G., and Komatsuzaki, T. (2018) Deci-
phering hierarchical features in the energy landscape of adenylate kinase
folding/unfolding. J. Chem. Phys. 148, 123325

49. Lin, C. Y., Huang, J. Y., and Lo, L. W. (2013) Deciphering the catalysis-
associated conformational changes of human adenylate kinase 1 with
single-molecule spectroscopy. J. Phys. Chem. B. 117, 13947–13955

50. Olsson, U., and Wolf-Watz, M. (2010) Overlap between folding and
functional energy landscapes for adenylate kinase conformational
change. Nat. Commun. 1, 111

51. Bae, E., and Phillips, G. N., Jr. (2006) Roles of static and dynamic do-
mains in stability and catalysis of adenylate kinase. Proc. Natl. Acad. Sci.
U. S. A. 103, 2132–2137

52. Miller, C., Davlieva, M., Wilson, C., White, K. I., Counago, R., Wu, G.,
Myers, J. C., Wittung-Stafshede, P., and Shamoo, Y. (2010) Experimental
evolution of adenylate kinase reveals contrasting strategies toward
protein thermostability. Biophys. J. 99, 887–896

53. Lange, S., Rozario, C., and Muller, M. (1994) Primary structure of the
hydrogenosomal adenylate kinase of Trichomonas vaginalis and its
phylogenetic relationships. Mol. Biochem. Parasitol. 66, 297–308

54. Saavedra, H. G., Wrabl, J. O., Anderson, J. A., Li, J., and Hilser, V. J.
(2018) Dynamic allostery can drive cold adaptation in enzymes. Nature
558, 324–328

55. Schulz, G. E., Schiltz, E., Tomasselli, A. G., Frank, R., Brune, M., Wit-
tinghofer, A., and Schirmer, R. H. (1986) Structural relationships in the
adenylate kinase family. Eur. J. Biochem. 161, 127–132

56. Wang, Y., and Makowski, L. (2018) Fine structure of conformational
ensembles in adenylate kinase. Proteins 86, 332–343

57. Li, D., Liu, M. S., and Ji, B. (2015) Mapping the dynamics landscape of
conformational transitions in enzyme: The adenylate kinase case. Bio-
phys. J. 109, 647–660

58. Adkar, B. V., Jana, B., and Bagchi, B. (2011) Role of water in the enzy-
matic catalysis: Study of ATP + AMP–> 2ADP conversion by adenylate
kinase. J. Phys. Chem. A. 115, 3691–3697

59. Feng, Y., Yang, L., Kloczkowski, A., and Jernigan, R. L. (2009) The energy
profiles of atomic conformational transition intermediates of adenylate
kinase. Proteins 77, 551–558

60. Schotte, F., Soman, J., Olson, J. S., Wulff, M., and Anfinrud, P. A. (2004)
Picosecond time-resolved X-ray crystallography: Probing protein func-
tion in real time. J. Struct. Biol. 147, 235–246

61. Miron, S., Munier-Lehmann, H., and Craescu, C. T. (2004) Structural
and dynamic studies on ligand-free adenylate kinase from Mycobacte-
rium tuberculosis revealed a closed conformation that can be related to
the reduced catalytic activity. Biochemistry 43, 67–77

62. Wang, Y., Gan, L., Wang, E., and Wang, J. (2013) Exploring the dynamic
functional landscape of adenylate kinase modulated by substrates. J.
Chem. Theory Comput. 9, 84–95

63. Pisliakov, A. V., Cao, J., Kamerlin, S. C., and Warshel, A. (2009) Enzyme
millisecond conformational dynamics do not catalyze the chemical step.
Proc. Natl. Acad. Sci. U. S. A. 106, 17359–17364

64. Delgado, M., Gorlich, S., Longbotham, J. E., Scrutton, N. S., Hay, S.,
Moliner, V., and Tunon, I. (2019) Convergence of theory and
10 J. Biol. Chem. (2021) 296 100749
experiment on the role of preorganization, quantum tunneling and
enzyme motions into flavoenzyme-catalyzed hydride transfer. ACS
Catal. 7, 3190–3198

65. Shibanuma, Y., Nemoto, N., Yamamoto, N., Sampei, G.-I., and Kawai, G.
(2020) Crystal structure of adenylate kinase from an extremophilic
archaeon Aeropyrum pernix with ATP and AMP. J. Biochem. 168, 223–
229

66. Shimamura, A. P. (2002) Muybridge in motion: Travels in art, psy-
chology and neurology. Hist. Photogr. 26, 341–350

67. Srajer, V., Teng, T., Ursby, T., Pradervand, C., Ren, Z., Adachi, S.,
Schildkamp, W., Bourgeois, D., Wulff, M., and Moffat, K. (1996)
Photolysis of the carbon monoxide complex of myoglobin: Nanosecond
time-resolved crystallography. Science 274, 1726–1729

68. Schotte, F., Lim, M., Jackson, T. A., Smirnov, A. V., Soman, J., Olson, J.
S., Phillips, G. N., Jr., Wulff, M., and Anfinrud, P. A. (2003) Watching a
protein as it functions with 150-ps time-resolved x-ray crystallography.
Science 300, 1944–1947

69. Srajer, V., Ren, Z., Teng, T. Y., Schmidt, M., Ursby, T., Bourgeois, D.,
Pradervand, C., Schildkamp, W., Wulff, M., and Moffat, K. (2001)
Protein conformational relaxation and ligand migration in myoglobin: A
nanosecond to millisecond molecular movie from time-resolved Laue X-
ray diffraction. Biochemistry 40, 13802–13815

70. Aranda, R.t., Levin, E. J., Schotte, F., Anfinrud, P. A., and Phillips, G. N.,
Jr. (2006) Time-dependent atomic coordinates for the dissociation of
carbon monoxide from myoglobin. Acta Crystallogr. D Biol. Crystallogr.
62, 776–783

71. Chapman, H. N., Fromme, P., Barty, A.,White, T. A., Kirian, R. A., Aquila,
A., Hunter, M. S., Schulz, J., DePonte, D. P., Weierstall, U., Doak, R. B.,
Maia, F. R., Martin, A. V., Schlichting, I., Lomb, L., et al. (2011) Femto-
second X-ray protein nanocrystallography. Nature 470, 73–77

72. Martin-Garcia, J. M., Conrad, C. E., Coe, J., Roy-Chowdhury, S., and
Fromme, P. (2016) Serial femtosecond crystallography: A revolution in
structural biology. Arch. Biochem. Biophys. 602, 32–47

73. Barends, T. R., Foucar, L., Ardevol, A., Nass, K., Aquila, A., Botha, S.,
Doak, R. B., Falahati, K., Hartmann, E., Hilpert, M., Heinz, M., Hoff-
mann, M. C., Kofinger, J., Koglin, J. E., Kovacsova, G., et al. (2015) Direct
observation of ultrafast collective motions in CO myoglobin upon ligand
dissociation. Science 350, 445–450

74. Ren, Z., Chan, P. W., Moffat, K., Pai, E. F., Royer, W. E., Jr., Srajer, V.,
and Yang, X. (2013) Resolution of structural heterogeneity in dynamic
crystallography. Acta Crystallogr. D Biol. Crystallogr. 69, 946–959

75. Panneels, V., Wu, W., Tsai, C. J., Nogly, P., Rheinberger, J., Jaeger, K.,
Cicchetti, G., Gati, C., Kick, L. M., Sala, L., Capitani, G., Milne, C.,
Padeste, C., Pedrini, B., Li, X. D., et al. (2015) Time-resolved structural
studies with serial crystallography: A new light on retinal proteins.
Struct. Dyn. 2, 041718

76. Kupitz, C., Basu, S., Grotjohann, I., Fromme, R., Zatsepin, N. A., Ren-
dek, K. N., Hunter, M. S., Shoeman, R. L., White, T. A., Wang, D.,
James, D., Yang, J. H., Cobb, D. E., Reeder, B., Sierra, R. G., et al. (2014)
Serial time-resolved crystallography of photosystem II using a femto-
second X-ray laser. Nature 513, 261–265

77. Ibrahim, M., Fransson, T., Chatterjee, R., Cheah, M. H., Hussein, R.,
Lassalle, L., Sutherlin, K. D., Young, I. D., Fuller, F. D., Gul, S., Kim, I. S.,
Simon, P. S., de Lichtenberg, C., Chernev, P., Bogacz, I., et al. (2020)
Untangling the sequence of events during the S2–> S3 transition in
photosystem II and implications for the water oxidation mechanism.
Proc. Natl. Acad. Sci. U. S. A. 117, 12624–12635

78. Olmos, J. L., Jr., Pandey, S., Martin-Garcia, J. M., Calvey, G., Katz, A.,
Knoska, J., Kupitz, C., Hunter, M. S., Liang, M., Oberthuer, D., Yefanov,
O., Wiedorn, M., Heyman, M., Holl, M., Pande, K., et al. (2018) Enzyme
intermediates captured “on the fly” by mix-and-inject serial crystallog-
raphy. BMC Biol. 16, 59

79. Dashti, A., Mashayekhi, G., Shekhar, M., Ben Hail, D., Salah, S.,
Schwander, P., des Georges, A., Singharoy, A., Frank, J., and Ourmazd,
A. (2020) Retrieving functional pathways of biomolecules from single-
particle snapshots. Nat. Commun. 11, 4734

80. Schwander, P., Fung, R., Phillips, G. N., and Ourmazd, A. (2010) Map-
ping the conformations of biological assemblies. New J. Phys. 12, 035007

http://refhub.elsevier.com/S0021-9258(21)00539-1/sref43
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref43
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref43
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref43
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref44
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref44
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref44
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref45
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref45
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref45
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref46
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref46
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref46
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref47
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref47
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref47
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref47
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref48
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref48
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref48
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref49
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref49
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref49
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref50
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref50
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref50
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref51
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref51
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref51
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref52
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref52
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref52
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref52
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref53
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref53
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref53
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref54
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref54
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref54
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref55
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref55
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref55
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref56
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref56
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref57
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref57
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref57
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref58
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref58
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref58
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref58
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref59
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref59
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref59
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref60
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref60
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref60
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref61
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref61
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref61
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref61
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref62
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref62
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref62
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref63
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref63
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref63
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref64
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref64
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref64
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref64
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref64
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref65
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref65
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref65
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref65
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref66
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref66
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref67
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref67
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref67
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref67
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref68
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref68
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref68
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref68
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref70
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref70
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref70
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref70
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref71
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref71
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref71
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref71
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref72
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref72
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref72
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref74
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref74
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref74
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref75
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref75
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref75
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref75
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref75
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref76
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref76
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref76
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref76
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref76
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref77
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref77
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref77
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref77
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref77
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref77
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref77
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref78
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref78
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref78
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref78
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref78
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref79
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref79
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref79
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref79
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref80
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref80


JBC REVIEWS: Protein dynamics and the PDB
81. Dashti, A., Schwander, P., Langlois, R., Fung, R., Li, W., Hosseinizadeh,
A., Liao, H. Y., Pallesen, J., Sharma, G., Stupina, V. A., Simon, A. E.,
Dinman, J. D., Frank, J., and Ourmazd, A. (2014) Trajectories of the
ribosome as a Brownian nanomachine. Proc. Natl. Acad. Sci. U. S. A.
111, 17492–17497

82. Frank, J., and Ourmazd, A. (2016) Continuous changes in structure
mapped by manifold embedding of single-particle data in cryo-EM.
Methods 100, 61–67

83. Abbott, S., Iudin, A., Korir, P. K., Somasundharam, S., and Patwardhan,
A. (2018) EMDB web resources. Curr. Protoc. Bioinformatics 61, 5.10.
11–15.10.12

84. Young, J. Y., Westbrook, J. D., Feng, Z., Sala, R., Peisach, E., Oldfield, T.
J., Sen, S., Gutmanas, A., Armstrong, D. R., Berrisford, J. M., Chen, L.,
Chen, M., Di Costanzo, L., Dimitropoulos, D., Gao, G., et al. (2017)
OneDep: Unified wwPDB system for deposition, biocuration, and vali-
dation of macromolecular structures in the PDB archive. Structure 25,
536–545

85. Markley, J. L., Ulrich, E. L., Berman, H. M., Henrick, K., Nakamura, H.,
and Akutsu, H. (2008) BioMagResBank (BMRB) as a partner in the
worldwide Protein Data Bank (wwPDB): New policies affecting bio-
molecular NMR depositions. J. Biomol. NMR 40, 153–155

86. Hildebrand, P. W., Rose, A. S., and Tiemann, J. K. S. (2019) Bringing
molecular dynamics simulation data into view. Trends Biochem. Sci. 44,
902–913

87. Turonova, B., Sikora, M., Schurmann, C., Hagen, W. J. H., Welsch, S.,
Blanc, F. E. C., von Bulow, S., Gecht, M., Bagola, K., Horner, C., van
Zandbergen, G., Landry, J., de Azevedo, N. T. D., Mosalaganti, S.,
Schwarz, A., et al. (2020) In situ structural analysis of SARS-CoV-2 spike
reveals flexibility mediated by three hinges. Science 370, 203–208

88. Balsera, M., Wriggers, W., Oono, Y., and Schulten, K. (1996) Principal
component analysis and long time protein dynamics. J. Phys. Chem. A
100, 2567–2572

89. Andrews, B. K., Romo, T., Clarage, J. B., Pettitt, B. M., and Phillips, G. N., Jr.
(1998) Characterizing global substates of myoglobin. Structure 6, 587–594

90. Wriggers, W., and Schulten, K. (1997) Protein domain movements:
Detection of rigid domains and visualization of hinges in comparisons of
atomic coordinates. Proteins 29, 1–14

91. Chennubhotla, C., Rader, A. J., Yang, L. W., and Bahar, I. (2005) Elastic
network models for understanding biomolecular machinery: From en-
zymes to supramolecular assemblies. Phys. Biol. 2, S173–180

92. Park, J. K., Jernigan, R., and Wu, Z. (2013) Coarse grained normal mode
analysis vs. refined Gaussian network model for protein residue-level
structural fluctuations. Bull. Math. Biol. 75, 124–160

93. Kondrashov, D. A., Van Wynsberghe, A. W., Bannen, R. M., Cui, Q., and
Phillips, G. N., Jr. (2007) Protein structural variation in computational
models and crystallographic data. Structure 15, 169–177

94. Riccardi, D., Cui, Q., and Phillips, G. N., Jr. (2009) Application of elastic
network models to proteins in the crystalline state. Biophys. J. 96, 464–475

95. Zimmermann, M. T., and Jernigan, R. L. (2014) Elastic network models
capture the motions apparent within ensembles of RNA structures. RNA
20, 792–804

96. Krebs, W. G., and Gerstein, M. (2000) The morph server: A standard-
ized system for analyzing and visualizing macromolecular motions in a
database framework. Nucleic Acids Res. 28, 1665–1675

97. Suhre, K., and Sanejouand, Y. H. (2004) ElNemo: A normal mode web
server for protein movement analysis and the generation of templates for
molecular replacement. Nucleic Acids Res. 32, W610–614

98. Echols, N., Milburn, D., and Gerstein, M. (2003) MolMovDB: Analysis
and visualization of conformational change and structural flexibility.
Nucleic Acids Res. 31, 478–482

99. Flores, S. C., and Gerstein, M. B. (2007) FlexOracle: Predicting flexible
hinges by identification of stable domains. BMC Bioinformatics 8, 215

100. Belyy, V., and Yildiz, A. (2014) Processive cytoskeletal motors studied
with single-molecule fluorescence techniques. FEBS Lett. 588, 3520–
3525

101. Taniguchi, Y., Karagiannis, P., Nishiyama, M., Ishii, Y., and Yanagida, T.
(2007) Single molecule thermodynamics in biological motors. Biosystems
88, 283–292
102. Sladewski, T. E., and Trybus, K. M. (2014) A single molecule approach to
mRNA transport by a class V myosin. RNA Biol. 11, 986–991

103. Wu, S., Liu, J., Reedy, M. C., Tregear, R. T., Winkler, H., Franzini-
Armstrong, C., Sasaki, H., Lucaveche, C., Goldman, Y. E., Reedy, M. K.,
and Taylor, K. A. (2010) Electron tomography of cryofixed, isometrically
contracting insect flight muscle reveals novel actin-myosin interactions.
PLoS One 5, e12643

104. Toyoshima, Y. Y., Kron, S. J., McNally, E. M., Niebling, K. R., Toyosh-
ima, C., and Spudich, J. A. (1987) Myosin subfragment-1 is sufficient to
move actin filaments in vitro. Nature 328, 536–539

105. Gennerich, A., and Vale, R. D. (2009) Walking the walk: How kinesin
and dynein coordinate their steps. Curr. Opin. Cell Biol. 21, 59–67

106. Sellers, J. R., andTakagi, Y. (2020)Howmyosin 5walks deduced fromsingle-
molecule biophysical approaches. Adv. Exp. Med. Biol. 1239, 153–181

107. Peskin, C. S., Odell, G. M., and Oster, G. F. (1993) Cellular motions and
thermal fluctuations: The Brownian ratchet. Biophys. J. 65, 316–324

108. Vale, R. D., and Oosawa, F. (1990) Protein motors and Maxwell’s de-
mons: Does mechanochemical transduction involve a thermal ratchet?
Adv. Biophys. 26, 97–134

109. Spirin, A. S. (2009) The ribosome as a conveying thermal ratchet ma-
chine. J. Biol. Chem. 284, 21103–21119

110. Astumian, R. D. (2019) Kinetic asymmetry allows macromolecular cat-
alysts to drive an information ratchet. Nat. Commun. 10, 3837

111. Thomas, D. R., Francis, N. R., Xu, C., and DeRosier, D. J. (2006) The
three-dimensional structure of the flagellar rotor from a clockwise-
locked mutant of Salmonella enterica serovar Typhimurium. J. Bacter-
iol. 188, 7039–7048

112. Greenleaf, W. J., Woodside, M. T., and Block, S. M. (2007) High-reso-
lution, single-molecule measurements of biomolecular motion. Annu.
Rev. Biophys. Biomol. Struct. 36, 171–190

113. Levinthal, C. (1969) How to fold graciously. In Mossbauer Spectroscopy
in Biological Systems. Allerton House; Monticello, IL, 22–24

114. Woodside, M. T., and Block, S. M. (2014) Reconstructing folding energy
landscapes by single-molecule force spectroscopy. Annu. Rev. Biophys.
43, 19–39

115. Agarwal, P. K. (2005) Role of protein dynamics in reaction rate
enhancement by enzymes. J. Am. Chem. Soc. 127, 15248–15256

116. Bryden, A., Phillips, G. N., and Gleicher, M. (2012) Automated illus-
tration of molecular flexibility. IEEE Trans. Vis. Comput. Graph. 18,
132–145

117. Ayyer, K., Morgan, A. J., Aquila, A., DeMirci, H., Hogue, B. G., Kirian,
R. A., Xavier, P. L., Yoon, C. H., Chapman, H. N., and Barty, A. (2019)
Low-signal limit of X-ray single particle diffractive imaging. Opt. Express
27, 37816–37833

118. Kapustina, M., and Carter, C. W., Jr. (2006) Computational studies of
tryptophanyl-tRNA synthetase: Activation of ATP by induced-fit. J. Mol.
Biol. 362, 1159–1180

119. Chandrasekaran, S. N., Das, J., Dokholyan, N. V., and Carter, C. W., Jr.
(2016) A modified PATH algorithm rapidly generates transition states
comparable to those found by other well established algorithms. Struct.
Dyn. 3, 012101

120. Yorke, B. A., Beddard, G. S., Owen, R. L., and Pearson, A. R. (2014)
Time-resolved crystallography using the Hadamard transform. Nat.
Methods 11, 1131–1134

121. Yang, X., Ren, Z., Kuk, J., and Moffat, K. (2011) Temperature-scan
cryocrystallography reveals reaction intermediates in bacter-
iophytochrome. Nature 479, 428–432

122. Mehrabi, P., Schulz, E. C., Dsouza, R., Muller-Werkmeister, H. M.,
Tellkamp, F., Miller, R. J. D., and Pai, E. F. (2019) Time-resolved crys-
tallography reveals allosteric communication aligned with molecular
breathing. Science 365, 1167–1170

123. Schotte, F., Cho, H. S., Kaila, V. R., Kamikubo, H., Dashdorj, N., Henry,
E. R., Graber, T. J., Henning, R., Wulff, M., Hummer, G., Kataoka, M.,
and Anfinrud, P. A. (2012) Watching a signaling protein function in real
time via 100-ps time-resolved Laue crystallography. Proc. Natl. Acad.
Sci. U. S. A. 109, 19256–19261

124. Nango, E., Royant, A., Kubo, M., Nakane, T., Wickstrand, C., Kimura, T.,
Tanaka, T., Tono, K., Song, C., Tanaka, R., Arima, T., Yamashita, A.,
J. Biol. Chem. (2021) 296 100749 11

http://refhub.elsevier.com/S0021-9258(21)00539-1/sref81
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref81
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref81
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref81
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref81
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref82
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref82
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref82
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref83
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref83
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref83
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref84
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref84
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref84
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref84
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref84
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref84
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref85
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref85
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref85
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref85
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref86
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref86
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref86
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref87
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref87
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref87
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref87
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref87
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref88
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref88
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref88
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref89
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref89
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref90
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref90
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref90
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref91
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref91
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref91
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref92
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref92
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref92
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref93
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref93
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref93
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref94
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref94
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref95
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref95
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref95
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref96
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref96
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref96
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref97
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref97
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref97
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref98
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref98
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref98
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref99
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref99
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref100
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref100
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref100
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref101
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref101
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref101
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref102
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref102
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref103
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref103
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref103
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref103
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref103
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref104
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref104
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref104
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref105
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref105
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref106
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref106
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref107
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref107
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref108
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref108
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref108
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref109
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref109
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref110
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref110
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref111
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref111
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref111
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref111
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref112
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref112
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref112
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref113
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref113
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref114
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref114
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref114
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref115
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref115
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref116
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref116
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref116
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref117
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref117
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref117
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref117
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref118
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref118
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref118
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref119
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref119
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref119
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref119
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref120
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref120
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref120
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref121
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref121
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref121
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref122
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref122
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref122
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref122
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref123
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref123
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref123
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref123
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref123
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref124
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref124


JBC REVIEWS: Protein dynamics and the PDB
Kobayashi, J., Hosaka, T., Mizohata, E., et al. (2016) A three-dimensional
movie of structural changes in bacteriorhodopsin. Science 354, 1552–1557

125. Assalauova, D., Kim, Y. Y., Bobkov, S., Khubbutdinov, R., Rose, M.,
Alvarez, R., Andreasson, J., Balaur, E., Contreras, A., DeMirci, H., Gel-
isio, L., Hajdu, J., Hunter, M. S., Kurta, R. P., Li, H., et al. (2020) An
advanced workflow for single-particle imaging with the limited data at
an X-ray free-electron laser. IUCrJ 7, 1102–1113

126. Maia, F. R. (2012) The coherent X-ray imaging data Bank. Nat. Methods
9, 854–855

127. Berman, H. M., Adams, P. D., Bonvin, A. A., Burley, S. K., Carragher,
B., Chiu, W., DiMaio, F., Ferrin, T. E., Gabanyi, M. J., Goddard, T. D.,
Griffin, P. R., Haas, J., Hanke, C. A., Hoch, J. C., Hummer, G., et al.
(2019) Federating structural models and data: Outcomes from a
workshop on archiving integrative structures. Structure 27, 1745–
1759

128. Adams, P. D., Afonine, P. V., Baskaran, K., Berman, H. M., Berrisford, J.,
Bricogne, G., Brown, D. G., Burley, S. K., Chen, M., Feng, Z., Flensburg,
C., Gutmanas, A., Hoch, J. C., Ikegawa, Y., Kengaku, Y., et al. (2019)
Announcing mandatory submission of PDBx/mmCIF format files for
crystallographic depositions to the Protein Data Bank (PDB). Acta
Crystallogr. D Struct. Biol. 75, 451–454

129. Deshpande, N., Addess, K. J., Bluhm, W. F., Merino-Ott, J. C., Town-
send-Merino, W., Zhang, Q., Knezevich, C., Xie, L., Chen, L., Feng, Z.,
Green, R. K., Flippen-Anderson, J. L., Westbrook, J., Berman, H. M., and
Bourne, P. E. (2005) The RCSB Protein Data Bank: A redesigned query
12 J. Biol. Chem. (2021) 296 100749
system and relational database based on the mmCIF schema. Nucleic
Acids Res. 33, D233–D237

130. Cutting, J. E. (2002) Representing motion in a static image: Constraints
and parallels in art, science, and popular culture. Perception 31, 1165–
1193

131. Humphrey, W., Dalke, A., and Schulten, K. (1996) Vmd: Visual mo-
lecular dynamics. J. Mol. Graph. 14, 33–38, 27–38

132. Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt,
D. M., Meng, E. C., and Ferrin, T. E. (2004) UCSF Chimera–a visuali-
zation system for exploratory research and analysis. J. Comput. Chem.
25, 1605–1612

133. Schrödinger (2015) The PyMOL Molecular Graphics System, Version 1.
8.x, Schrödinger, LLC; New York, NY

134. Sehnal, D., Rose, A. S., Koca, J., Burley, S. K., and Velankar, S. (2018)
Mol*: Towards a common library and tools for web molecular graphics.
In Proceedings of the Workshop on Molecular Graphics and Visual
Analysis of Molecular Data (MolVA’18), The Eurographics Association:
29–33. Brno, Czech Republic

135. McCoy, J. G., Bitto, E., Bingman, C. A., Wesenberg, G. E., Bannen, R. M.,
Kondrashov, D. A., and Phillips, G. N., Jr. (2007) Structure and dynamics
of UDP-glucose pyrophosphorylase from Arabidopsis thaliana with
bound UDP-glucose and UTP. J. Mol. Biol. 366, 830–841

136. Brown, M. T., Delalez, N. J., and Armitage, J. P. (2011) Protein dynamics
and mechanisms controlling the rotational behaviour of the bacterial
flagellar motor. Curr. Opin. Microbiol. 14, 734–740

http://refhub.elsevier.com/S0021-9258(21)00539-1/sref124
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref124
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref125
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref125
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref125
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref125
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref125
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref126
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref126
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref127
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref127
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref127
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref127
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref127
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref127
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref128
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref128
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref128
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref128
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref128
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref128
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref129
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref129
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref129
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref129
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref129
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref129
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref130
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref130
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref130
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref131
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref131
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref132
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref132
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref132
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref132
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref133
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref133
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref134
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref134
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref134
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref134
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref134
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref135
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref135
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref135
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref135
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref136
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref136
http://refhub.elsevier.com/S0021-9258(21)00539-1/sref136

	Moving beyond static snapshots: Protein dynamics and the Protein Data Bank
	Myoglobin and adenylate kinase—two model systems for studying protein dynamics
	Making movies from experiment
	Cryo-electron microscopy and protein dynamics
	Molecular dynamics simulations and normal mode analysis
	Larger-scale molecular machines—motility and replication
	Role of dynamics in function
	Data management and sharing of dynamics results
	Data to knowledge: Dynamics concepts
	Author contributions
	References


