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Studying backbone torsional dynamics of intrinsically disordered
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Intrinsically disordered proteins (IDPs) do not autonomously adopt a stable unique 3D structure and exist as an ensemble of
rapidly interconverting structures. They are characterized by signiﬁcant conformational plasticity and are associated with
several biological functions and dysfunctions. The rapid conformational ﬂuctuation is governed by the backbone segmental
dynamics arising due to the dihedral angle ﬂuctuation on the Ramachandran /–w conformational space. We discovered that
the intrinsic backbone torsional mobility can be monitored by a sensitive ﬂuorescence readout, namely ﬂuorescence
depolarization kinetics, of tryptophan in an archetypal IDP such as a-synuclein. This methodology allows us to map the
site-speciﬁc torsional mobility in the dihedral space within picosecond-nanosecond time range at a low protein concentration under the native condition. The characteristic timescale of * 1.4 ns, independent of residue position, represents
collective torsional dynamics of dihedral angles (/ and w) of several residues from tryptophan and is independent of overall
global tumbling of the protein. We believe that ﬂuorescence depolarization kinetics methodology will ﬁnd broad application
to study both short-range and long-range correlated motions, internal friction, binding-induced folding, disorder-to-order
transition, misfolding and aggregation of IDPs.
Keywords. Dihedral angles; ﬂuorescence anisotropy; intrinsically disordered proteins; protein conformational dynamics;
Ramachandran map; rotational dynamics

1. General aspects of protein dynamics
In order to understand the function of proteins, the traditional structure–function paradigm could be revised by
structure–dynamics–function paradigm because the dynamic
attributes along with the structure govern their functions
(Henzler-Wildman and Kern 2007). Proteins can sample an
ensemble of conformational states centred to their average
structure. The dynamic characteristics of proteins can be
described in terms of energy landscape. Protein dynamics is
implicative in several biological activities whose elaborate
descriptions can be obtained only if its dynamic properties
are taken into account (Karplus and McCammon 1983). In
order to monitor the protein dynamics, it is necessary to
follow the time-dependent structural changes that occur on a
wide range of timescales ranging from femtoseconds to
seconds. The dynamic processes occurring on the slower
timescale (microseconds and lower) are mainly the collective
http://www.ias.ac.in/jbiosci

motion, which involves the mobility of large domains, loop
formations, protein folding/unfolding, partial folding to
unfolding transition, and so on. Slow dynamics of proteins
involves displacements of a large number of atoms which
might be correlated to each other. On the other hand, the
processes that occur on the faster timescale, ranging from
femtoseconds to nanoseconds, involve vibrational motion,
segmental motion, loop motions, side-chain rotations, rotation of small group attached to the backbone and side-chain
oscillations (Karplus and McCammon 1983). Among these
dynamic processes, the polypeptide backbone dynamics
involving the changes in the torsional angles play a pivotal
role in protein conformational changes (Ramachandran and
Sasisekharan 1968; Ramakrishnan 2001). For a given
polypeptide backbone, rotations around two single bonds,
namely, N–Ca and Ca–C, are allowed (Carugo and DjinovicCarugo 2013). The angle of rotation around N–Ca bond and
Ca–C bond are termed as / and w, respectively. The
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torsional dynamics of the polypeptide backbone is the fundamental dynamics of any protein which takes place on the
Ramachandran /–w conformational space. Therefore, all the
biophysical phenomena such as protein folding, unfolding,
assembly and their functions are enrooted in the backbone
dihedral dynamics in the allowed region of the Ramachandran map.

2. Intrinsic disorder in proteins
For many decades, it has been widely accepted that the
protein kingdom follows the traditional sequence–structure–
function paradigm, which states that a biologically active
protein must possess a well-deﬁned ordered structure in
order to accomplish its speciﬁc function. However, recent
studies have demonstrated the existence of intrinsically
disordered proteins (IDPs) that do not possess well-deﬁned
structures (Uversky 2013). The biological functions of such
proteins are found to be originating from their inherent
conformational ﬂexibility and their ability to adopt a variety
of structures (Fink 2005). Several bioinformatics studies
indicate that IDPs are highly abundant in any given proteome. Recent studies revealed that * 25–30% of eukaryotic proteins are intrinsically disordered, of which more
than * 50% eukaryotic proteins bear long regions of
intrinsic disorder, and more than * 70% proteins, involved
in signalling, contain long intrinsically unstructured regions.
Analysis of a large number of protein sequences revealed
that the combination of low mean hydrophobicity and high
net charge are the main driving forces, which direct the
protein to be in the disordered or less compact state (Uversky 2002; 2013). An abundance of disorder-promoting
amino acids within the sequence is also responsible for its
disorder under native conditions. IDPs are typically involved
in important cellular processes, which include cell division,
cell signalling, bacterial translocation, protein degradation
and cell cycle control (Uversky 2002). The conformational
plasticity of IDPs could also be detrimental, because it helps
the polypeptide chain to adopt misfolded amyloidogenic
conformations which are implicated in several neurodegenerative diseases such as Parkinson’s, Alzheimer’s and
Huntington’s (Uversky 2003).
IDPs exhibit considerable conformational heterogeneity
due to the lack of ordered three-dimensional structure. The
free energy landscape of an IDP shows a large ‘hilly plateau’
conﬁrming the existence of dynamic ensemble of readily
interconverting conformations (Uversky 2013). Due to the
lack of any order in the structure, IDPs behave as highly
frustrated systems bearing rapidly ﬂuctuating backbone
Ramachandran dihedral angles. It is not possible to deﬁne
the conformational state of an IDP with a single
Ramachandran dihedral coordinate within the available
energy space at a particular time point. This type of time-

dependent ﬂuctuation is also observed for a structured protein, but the range of ﬂuctuations is notably smaller as
compared to the disordered proteins.
IDPs are deﬁcient in hydrophobic residues and are enriched in polar and charged amino acid residues. Therefore,
the conformational preferences of an IDP are modulated by
the amino acid compositional bias in different polar solvents.
IDPs that behave as strong polyelectrolytes/polyampholytes
because of the high content of charged residues have a
propensity to adopt an expanded coil-like structure due to
solvation of the charged residues in aqueous medium. On the
other hand, IDPs which are enriched in polar but uncharged
residues generally tend to form collapsed globule structures
in water. Therefore, the intrinsic preference of an IDP to
adopt either collapsed or extended coil-like structure is
dependent on the net charge per residue of the protein and
also the solvent microenvironment (Mao et al. 2010). It has
also been observed that the increase in the net charge per
residue allows globule ? coil transition. Furthermore, it has
been shown that even the IDPs lacking nonpolar or polar
side chains also tend to form collapsed unstructured globules
in water. This observation clearly indicates that the collapse
in IDP might originate from the conformational preferences
of the polypeptide backbone in water. Thus, water behaves
as a poor solvent for polypeptide chain that favours chain–
chain interactions over the chain–solvent interactions, leading to the formation of collapsed globules (Arya and
Mukhopadhyay 2014). The counterpoise between the chain–
chain and chain–solvent interaction dictates the thermodynamically approachable conformations of IDPs. In order to
monitor the conformational preferences, polymer physics
theories provide important scaling parameters such as radius
of gyration, mean end-to-end distance, hydrodynamic radii
as a function of the chain length, amino acid composition
and stiffness. An ideal heterogeneous IDP adopts different
types of conformations that are chimeras of collapsed
globule, expanded coil, rods and semi-compact hairpin (Das
et al. 2015).
It is mentioned earlier that all the physiochemical dynamic
processes in proteins take place on the timescale which
ranges from ps to ms and involves various backbone motions
such as short-range conformational ﬂuctuations, long-range
correlated dynamics, local motion of the amino acid side
chain and segmental dynamics of polypeptide chain. The
fundamental backbone dynamics in IDPs arises due to the
Ramachandran dihedral angle ﬂuctuations. IDPs are useful
models to study the short-range segmental mobility of
backbone as they lack an ordered structure under physiological conditions (Jain et al. 2016). Several theoretical and
experimental approaches are being used to study the conformational preferences and dynamics of IDPs such as NMR
techniques, especially, 15N NMR relaxation, isotropic
reorientational eigen mode dynamics, relaxation methods,
paramagnetic relaxation, molecular dynamics simulation,
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Figure 1. Schematic of ﬂuorescence anisotropy. (a) Schematic of rotational dynamics of a ﬂuorophore (green) bound biomolecule (red).
When attached to the biomolecule, ﬂuorophore undergoes fast local motion results in rapid depolarization of initial ﬂuorescence anisotropy
and the entire biomolecule experiences an overall global tumbling that is related to the hydrodynamic property of the biomolecule.
(b) Time-resolved ﬂuorescence anisotropy decay of Trp in a globular protein showing local and global dynamics. Trp has a much lower
intrinsic anisotropy (* 0.20). The raw anisotropy decay plot is indicated by a blue line, whereas the ﬁtted decay is shown by a solid black
line.

ﬂuorescence correlation spectroscopy and ﬂuorescence
depolarization measurements.

3. Methods to study the conformational distribution
and dynamics of IDPs
IDPs are known to exhibit extensive conformational ﬂexibility and exist as a structural ensemble. It is therefore very
challenging to characterize the structural and dynamic
attributes of IDPs. X-ray crystallography is not suitable to
elucidate their structure because of their conformational
heterogeneity (Konrat 2014). In order to study the structure
and dynamics of IDPs, several physical methods need to be
employed.
First, the presence or absence of secondary structure can
be monitored by using several spectroscopic techniques
including far ultra-violet–circular dichroism (UV-CD),
optical rotatory dispersion (ORD), Fourier transform infrared
spectroscopy (FTIR) and Raman optical activity (Uversky
2003). Hydrodynamic parameter can be measured by using
different scattering techniques such as small-angle X-ray
scattering (SAXS), small-angle neutron scattering (SANS)
and dynamic light scattering (DLS), which elucidate the
structural compactness of the concerned protein (Uversky
2003). NMR techniques offer a unique opportunity to study
the structural dynamics of IDPs. H-exchange rate, chemical
shift and residual dipolar coupling (RDC) are used to probe
the local short-lived secondary structural elements at atomic
coordinate (Konrat 2014). NMR studies furnish detailed
information about the dynamics in a site-speciﬁc manner,

which includes rapid backbone motion of the polypeptide
chain and also the slow motion which is expected to be the
outcome of long-range contacts and folding-upon-binding
events (Eliezer 2009). RDC provides information on the
local dynamics related to the different inter-nuclear bond
vectors encompassing the backbone of the protein and
includes transient long-range interactions (Konrat 2014). In
an anisotropic media, N–H bond vectors of the backbone
aligned themselves orthogonally to the polypeptide chain
when the conformational ensemble is largely in the extended
state. Local dynamics taking place on the ps-to-ns timescale
can be probed by hetero-nuclear NMR relaxation method,
which provides information on the timescale of interconversions, as supported by chemical shifts and RDC (Jensen
et al. 2013). Local dynamics, including amide backbone and
side-chain motion, are assumed to be faster than the overall
global tumbling of the protein and can be detected by
solution NMR (Henzler-Wildman and Kern 2007). Paramagnetic relaxation enhancement (PRE) is described to be the
most relevant tool to probe long-range correlated dynamics
in IDPs (Parigi et al. 2014). In random coil structure, the
residues are present in increasingly distant positions from the
spin label (artiﬁcially introduced to the cysteine moiety of
the protein) and are expected to show monotonically
decreasing degrees of line broadening. Any deviation from
this usual pattern reﬂects the stability and preferentiality of
long-range interactions. Several models are used to analyse
the PRE data, such as molecular dynamics (MD) and
extended model-free analysis for time-dependence study.
The position of the spin labelling should be chosen carefully
in order to avoid any perturbation in the tertiary contacts.
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Cross-correlated relaxation (CCR) is also a powerful novel
tool to probe the dihedral angle distribution along the
polypeptide backbone of IDPs and provides useful information about the structure and dynamics (Konrat 2014).
IDPs are known to exhibit substantial b-turn (I, II) and
polyproline II helical conformations. CCR appears to be a
suitable tool to assess these conformations. In addition,
dynamics of interchain loop formation has been observed by
triplet–triplet energy transfer (TTET) in different unfolded
chains consisting of polyserine and poly (glycine-serine)
(Fierz et al. 2007). It has also been established that the
mechanism of loop formation involves complex kinetics and
takes place on the timescale of 50–500 ps within the local
well of the energy landscape (Fierz et al. 2007). Slower
motions show exponential kinetics and occur on the timescale of 10–100 ns and it is mostly diffusive in nature
exploring the complete conformational space. In order to
study the structural dynamics of IDPs, single-molecule
Förster resonance energy transfer (FRET) methodologies

appear to be extremely useful. Single-molecule techniques
allow quantiﬁcation of the conformational sub-populations
and dynamic distributions that are generally hidden in a
typical ensemble experiments (Mukhopadhyay et al. 2007;
Schuler et al. 2012). Although single-molecule FRET is a
robust tool to capture the microscopic conformational
dynamics, it is difﬁcult to probe the dynamics faster than 50
microseconds (ls). In order to probe faster ﬂuctuations, a
combination of single-molecule FRET and ﬂuorescence
correlation spectroscopy can provide information about the
dynamic features of IDPs (Mukhopadhyay et al. 2007).

4. Fluorescence depolarization kinetics to study chain
dynamics
Time-resolved ﬂuorescence anisotropy decay (depolarization
kinetics) measurements offer a unique and sensitive tool to
directly probe the dynamics of biomolecules. Fluorescence

Figure 2. Representative time-resolved ﬂuorescence anisotropy decay analysis (for Trp-39 variant of a-syn). (a) The raw anisotropy data
are indicated by blue line, whereas, the ﬁtted decay is shown by solid black line. (b) The global analysis of Ik (t) (red) and I\(t) (green) and
corresponding ﬁts are shown using solid black lines. (c) and (d) are the residual plot and the autocorrelation function for Ik (t), respectively.
(e) and (f) are the residual plot and the autocorrelation function for I\(t), respectively (Reproduced with permission from Jain et al. 2016
Direct observation of the intrinsic backbone torsional mobility of disordered proteins. Biophys. J. 111 768–774).
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Figure 3. Representative time-resolved ﬂuorescence anisotropy decays of single-Trp mutants of a-syn: (a) Trp-39, (b) Trp-78 and (c) Trp140. The insets show the ﬁttings of parallel [Ik (t)] and perpendicular [I\(t)] intensity components. (d) Trp-107 (inset shows the overlay of
the decay ﬁts for Trp-78 and Trp-107 in the log scale indicating a slower decay for Trp-107). The ﬁts are indicated by black solid lines
(Reproduced with permission from Jain et al. 2016 Direct observation of the intrinsic backbone torsional mobility of disordered proteins.
Biophys. J. 111 768–774).

depolarization kinetics captures the rotational events occurring
during the excited-state lifetime of the ﬂuorophore (Miller
1996; Krishnamoorthy 2012; Jain and Mukhopadhyay 2014;
Bhattacharya and Mukhopadhyay 2016). This technique allows
us to study the site-speciﬁc polypeptide chain dynamics at a low
protein concentration under native conditions (Jain et al. 2016).
When a certain population of ﬂuorophore (intrinsic tryptophan
or extrinsic ﬂuorophore labelled on the protein) is excited with a
linearly polarized light, ﬂuorophores having the absorption
transition moment parallel to the electric vector of the incident
light are promoted to the higher excited state known as photoselection (Valeur 2001; Lakowicz 2007). Depolarization of the
emission transition dipole can occur due to various processes
during the lifetime of the ﬂuorophore, such as torsional motions,
rotational diffusion, energy transfer and so forth. Fluorescence
anisotropy measurements are carried out in two formats: steadystate and time-resolved anisotropy measurements. When a
ﬂuorophore is attached to a protein, it can exhibit its own fast
local motion, and the entire biomolecule will experience global
tumbling, which is slower than the local motion (ﬁgure 1A)
(Jain et al. 2016). Steady-state anisotropy (polarization) provides information about the overall size or dynamics of the

protein, whereas time-resolved anisotropy measurement allows
us to discern the local, segmental and global motions.
The steady-state ﬂuorescence anisotropy can be expressed
as follows:


rss ¼ Ik  GI? = Ik þ 2GI?

ð1Þ

where rss represents the steady-state anisotropy, Ik and I\ are
the parallel and the perpendicular ﬂuorescence emission
intensities, respectively, and G factor is introduced to correct
the perpendicular components. Being a ratiometric readout,
anisotropy is a dimensionless parameter and does not depend
on the concentration. The steady-state ﬂuorescence anisotropy
provides an average indication of rotational ﬂexibility and is
inadequate to distinguish between the local dynamics of the
ﬂuorophore and global tumbling of the entire biomolecule
(Bhattacharya and Mukhopadhyay 2016), whereas the depolarization kinetics obtained from the time-resolved ﬂuorescence anisotropy measurements can distinguish the
contributions from both local and global motions. A typical
biexponential kinetics accounts for the two kinds of motions
(ﬁgure 1B). Time-dependent anisotropy, [r ðtÞ], can be analysed
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I k ðtÞ ¼

I ðtÞ½1 þ 2r ðtÞ
3

I ? ðtÞ½1  rðtÞ
3



rðtÞ ¼ r0 bfast exp t=/fast þ bslow expðt=/slow Þ
I ? ðt Þ ¼

ð2Þ
ð3Þ
ð4Þ

where r0 is the intrinsic (time-zero) anisotropy (should be
close to 0.4 according to the photo-selection rule), ufast represents the local motion of the ﬂuorophore and uslow is related
to the global motion of the entire protein. bfast and bslow represent the amplitude of the local and global motions, respectively, which measures the extent (degree) of rotational
freedom of the probe. Fluorescence depolarization techniques
can discern several dynamic events at a low (nanomolar to
micromolar) concentration and on the ps–ns timescale.

5. Direct observation of the intrinsic backbone torsional
mobility

Figure 4. Capturing the intrinsic torsional dynamics of an intrinsically disordered protein monitored by time-resolved ﬂuorescence
depolarization of tryptophan that experiences the segmental mobility
over a length scale spanning several residues. (Adapted with permission
from Jain et al. 2016 Direct observation of the intrinsic backbone
torsional mobility of disordered proteins. Biophys. J. 111 768–774).

by globally ﬁtting Ik (t) and I\(t) and can be expressed by the
following biexponential decay function as follows:

In order to study the backbone dynamics, we used a-synuclein (a-syn), which is an IDP under physiological conditions. a-syn is one of the well-studied IDPs and its
misfolding and aggregation is implicated in Parkinson’s
disease. It is a short 140-residue protein and does not possess
any stable local interactions within the polypeptide. This
characteristic allowed us to speculate that the ﬂuorescence
depolarization kinetics of a-syn would capture the backbone
segmental dynamics resulting from the dihedral angle ﬂuctuations on the /–w space (Jain et al. 2016). In order to
monitor ﬂuorescence depolarization, we took the advantage
of non-occurrence of Trp in a-syn sequence and created ten
single tryptophan (Trp) mutants along the polypeptide chain.
These mutations retained the general conformational characteristics of a-syn (Jain et al. 2013). DLS experiments
revealed that hydrodynamic radius of the monomer is * 3
nm, and using Stokes–Einstein’s law, the timescale of global
tumbling of the entire protein was estimated to be * 25 ns.
We monitored the ﬂuorescence depolarization kinetics of
the ten residue positions using picosecond time-resolved
ﬂuorescence anisotropy decay measurements and analysed
the results by globally ﬁtting (Eqs. 2 and 3) (ﬁgure 2A–F).
Depolarization kinetics yielded two well-separated rotational
correlation time components (Eq. 4). The faster sub-ns
component with an amplitude of * 50% indicated the local
mobility of Trp. The slower component (* 1.4 ns) was
nearly similar for nine residue positions (ﬁgure 3A–C). This
component was slower than the local motion but much faster
than the overall global tumbling of the protein (* 25 ns).
Therefore, the time constant of * 1.4 ns is an intrinsic
timescale of the polypeptide chain that could arise due to
randomization of emission dipole due to the backbone
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segmental dynamics (Jain et al. 2016). Overall, the characteristic timescale of backbone torsional mobility was *
1.4 ns, independent of residue position, and is in close
agreement with the estimated reorientation timescale of a
statistical (Kuhn’s) segment of a-syn (Parigi et al. 2014).
One of the residue positions, 107, that is a pre-proline
residue, the rotational correlation time was found to be
slower (* 1.8 ns), as expected for a restricted pre-proline
residue (ﬁgure 3D) (Schimmel and Flory 1968).
The molecular origin of the 1.4 ns component in the
depolarization kinetics of single-Trp variants of a-syn is the
rotation around the single bonds N–Ca and Ca–C on the
/–w conformational space. The rotation around the single
bonds is a fast process occurring on the ps timescale, then
why do we observe the 1.4 ns component? N–Ca and Ca–
C bond rotations are restricted in the allowed region of the
/–w dihedral space; therefore, a complete ﬂuorescence
depolarization requires several N–Ca and Ca–C bond
rotations around the ﬂuorophore (Trp) (ﬁgure 4). In other
words, the torsional relaxation monitored by the ﬂuorescence depolarization is felt over a number of residues on
both sides of the ﬂuorophore. The 1.4 ns component captures a collective torsional mobility over a characteristic
length segment that is dependent on the persistent length of
the IDP. Due to the length dependence of this short-range
segmental motion, ﬂuorescence depolarization technique
will be insensitive to capture the dynamics beyond its
persistent length. As stated before, this rotational correlation time of * 1.4 ns is very close to the estimated
reorientation time of a statistical segment of a-syn, which
was captured by a low-ﬁeld NMR relaxation method (Parigi et al. 2014). Results obtained from the MD simulations
suggested that most of the conformational dynamics occurs
locally and the estimated timescale is * 1.3 ns (Xue and
Skrynnikov 2011). An inspection of MD trajectories also
indicated that a change in backbone dihedral angles of a
particular amino acid residue generally does not bring
about any major change in global conformational dynamics. Rather, this motion is limited at the local (short-range)
length scale encompassing the adjacent residues (Xue and
Skrynnikov 2011).

6. Conclusion and future directions
Characterization of segmental backbone dynamics is pivotal
to elucidate the conformational dynamics of IDPs, particularly in the context of coupled binding, disorder-to-order
transitions and aggregation. Recent studies have also shown
that segmental dynamics of the disordered polypeptide chain
is one of the predominant components of internal friction
(Echeverria et al. 2014). Therefore, this methodology will
allow us to quantify the internal friction arising due to
dihedral dynamics. We envision that the ﬂuorescence
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depolarization technique offers a unique way to characterize
the backbone torsional dynamics of IDPs on the
Ramachandran dihedral space. The main advantage of using
this technique lies in its ability to discern several modes of
conformational dynamics in a single measurement. The use
of long-lifetime probes will allow us to capture the presence
of long-range conformational dynamics of IDPs. We believe
that ﬂuorescence depolarization kinetics methodology will
ﬁnd broad application to study both short-range and longrange correlated motions, internal friction, binding-induced
folding, disorder-to-order transition, misfolding and aggregation of IDPs.
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