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Protein functional dynamics: From femtoseconds to milliseconds
Mounting evidence from numerous experimental [1–3] and
computational studies [4–6] has demonstrated that biomolecules
have motions that span a wide range of temporal and spatial
scales. Some of those motions reflect the importance of maintain-
ing a ‘‘minimal’’ level of flexibility for function. For example, an
insightful analysis [7] based on the Lindemann criterion indicated
that the surface of proteins is liquid-like while the core is solid-
like. This result makes intuitive sense in that the solid core is
important for stability while the fluxional surface is essential for
the structural changes required for functional aspects such as
ligand binding.

In addition to such ‘‘generic’’ thermal fluctuations, it is generally
agreed that there are also ‘‘functional motions’’ which have specific
characters (in direction, magnitude and time-scale) that make
these motions essential to the unique function of a particular bio-
molecule. The motions range from relatively localized vibrations
that have been proposed to facilitate chemical reactions [8,9] to
structural transitions at the domain scale, which are implicated
in the function of many ‘‘biomolecular machines’’ [10] and multi-
subunit enzymes [11,12].

Despite their biological importance, functional motions are dif-
ficult to identify and characterize at a quantitative level. One pri-
mary difficulty is that although experiments have progressed to
the extent that single vibrational periods can be resolved in time,
associating this with specific motions at the atomistic level is
typically not possible. Therefore, a combined computational/exper-
imental approach is necessary for understanding functional mo-
tions at an atomic resolution. In other words, with the
development of novel experimental techniques, new theoretical
and computational methods need to be developed to help interpret
the experimental observables. This joint computational/theoreti-
cal–experimental effort is required to better characterize and
understand the working mechanism of functional motions in bio-
molecules. This in turn requires that computational and experi-
mental research needs to be enmeshed much more closely and
each side understands the potential and limitations associated
with specific experiments or simulation techniques, respectively.

In this special issue, we have invited active investigators from
both experimental and theoretical communities to discuss recent
progress and remaining challenges in characterizing functional
motions in biomolecules across different temporal and spatial
scales.

On the end of fast time scale events, ultrafast spectroscopic
techniques continue to unravel detailed responses of proteins to
the binding and dissociation of ligands. Due to the high-resolution
nature of these experiments, sophisticated theoretical and compu-
tational models need to be established to provide a meaningful
interpretation of the measurements [13]. As studies in this issue
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convincingly demonstrate, even with the binding/dissociation of
small molecule ligands such as CO and azide, the protein matrix
undergoes complex relaxations that span multiple time and spatial
scales.

At the slower time-scale, nuclear magnetic resonance and fluo-
rescence energy transfer are powerful techniques that can capture
motions of proteins during folding and/or functional cycles. Sophis-
ticated labeling techniques make it possible to study complex sys-
tems, including membrane-bound proteins such as Ras proteins. To
deal with complexity due to the presence of motions of drastically
different scales, it has become evident that measuring protein mo-
tions at the single molecule level provides additional information
often masked in ensemble (bulk) studies. As a powerful demonstra-
tion, Yang and co-workers have illustrated in this issue how single
molecule measurements help distinguish different mechanical
models for poly-proline peptides; the study illustrated that even
for a much studied ‘‘molecular ruler’’ [14], the mechanical behavior
is much more complex than conventionally thought. On the other
hand, extracting meaningful mechanistic information from single
molecule ‘‘trajectories’’ is far from straightforward and sophisti-
cated statistical models need to be developed to avoid artifacts
due to limited sampling and intrinsic noise of the measurements.

Despite remarkable progress in computational hardware, simu-
lations of proteins beyond the microsecond time scale at the atomic
level [15] are still not routine. Thus, unlike in the realm of ultrafast
protein dynamics where theory and experiment have become
closely integrated, the gap between theory/computation and exper-
iment is much wider for the characterization of protein motions
beyond microseconds. This is an important gap to fill because a
majority of functional motions of biomolecules occur in this time
window. Encouragingly, novel algorithms that can efficiently probe
either thermodynamic or kinetic properties of slow protein motions
start to emerge and be applied to increasingly complex systems.
Due to the often collective nature of slow protein motions, coarse-
grained models can also provide valuable insights; an important
step in applying such models, however, is model validation, for
which low-resolution experimental data such as small-angle
X-ray scattering profiles can be particularly helpful.

Due to the limited space, this special issue can only accommo-
date about fifteen contributions. Nevertheless, we believe such a
‘‘snapshot’’ has effectively captured the status of the field and we
hope the contributions herein will stimulate further activities
and innovations at this exciting frontier of science where chemical
physics and biology meet.

Finally, as guest editors, we should like to express our gratitude
to all colleagues and coauthors, as well as to Prof. Majed Chergui as
the senior editor, and also to the Elsevier publishing team, without
whom this special issue will not have been possible.
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